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Abstract 
Macrophages are key players during every stage of the immune response at both the 
effector and regulatory level. Classically activated macrophages develop in response to T 
helper 1 (Thi) cytokines such as IFN-y and play a critical role in immunity to intracellular 
pathogens. Alternative activation of macrophages is driven by Th2 cytokines such as IL4 
and IL-13 that are produced in allergy, as well as in response to extracellular pathogens 
such as helminths. Although they are implicated in wound repair and tissue remodelling, 
the function of alternatively activated macrophagés in infection and allergy is still unclear. 
Macrophages can also respond to IL-lO and glucocorticoids to develop a regulatory 
phenotype that is involved in controlling inflammation by the clearance of apoptotic cells 
and the secretion of anti-inflammatory chemokines. 
Our laboratory uses a murine model of lymphatic filariasis that involves the peritoneal 
implant of the filarial nematode Brugia malayi to obtain a source of macrophages activated 
in vivo in chronic Th2 inflammatory conditions. These 'nematode-elicited' macrophages 
(NeM4) show a highly IL-4 dependent phenotype including the ability to suppress the 
proliferation of a wide range of cells and the expression of Arginasel, a characteristic 
marker of alternative activation. 
We decided to take a genomics approach to define what genes determine the IL-4 
dependent phenotype of NeM. This analysis revealed the striking expression of Fizz 1 and 
Ymi; genes of uncertain function. We have shown that Fizz 1 and Ymi expression is a 
characteristic feature of nematode infection and that expression is induced at the site of 
parasite migration or residence. Both genes are also directly responsive to IL-4 and IL-13, 
and are therefore reliable markers of Th2-driven immune responses. Finally, the study of 
their expression profile in haematopoietic cells showed restriction to antigen presenting 
cells, pointing to a role in shaping the immune response by regulating antigen presentation. 
Having originally characterised NeM in C57BL16 mice, we wanted to see whether the 
NeM4 function was similar in BALB/c mice, the other commonly used mouse strain in our 
laboratory. In BALB/c mice, we found that both the function and gene expression of NeM 
was not IL-4 dependent, and showed that this was due to compensation by the Th2 
cytokine IL-13. 
The dependence on Th2 cytokines and the high expression of Arginasel and Ymi suggest 
that NeM may mediate wound repair; one of the hypothesized functions of alternatively 
activated macrophages. However, we show that NeM also share characteristics with 
regulatory macrophages as they downregulate inflammatory chemokines and phagocytose 
apoptotic cells more efficiently than their naïve counterparts. Together with the high 
expression of Fizz 1, a novel protein that may have important regulatory function in allergy, 
our findings show that NeM may be important players in both immunoregulation and 
tissue remodelling during Th2 mediated inflammation. 
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AAM Alternatively activated macrophage 
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During a parasitic infection, a highly complex and specific interaction between the 
parasite and its host is observed, as a result of thousands of years of co-evolution. 
During this evolutionary arms race, the parasite must devise strategies to combat the 
host's immune response in order to survive. Helminths display various mechanisms of 
immune evasion, allowing long-term survival in their host. These multicellular parasites 
have elaborate life cycles in comparison to protozoa, prokaryotes and viruses, and have 
correspondingly more complex interactions with the host immune system (Allen and 
Maizels, 1996; Maizels and Yazdanbakhsh, 2003). In effect, there are commonly a 
succession of developmental stages within one host, each of which may display different 
antigens specific for that stage; permitting escape from immunity to earlier stages, and 
may require a different type of immune response for clearance. Though helminth 
parasites occupy a panoply of niches ranging from the gut to the lymphatic system and 
skin, they generate similar immune responses. These include various forms of immune 
down-modulation, allowing long-lived parasite infection, and the generation of a T 
helper 2 cytokine (Th2) environment. It remains unclear whether these characteristics 
are beneficial to the host and/or the parasite (Allen and Maizels, 1996; Allen and 
Maizels, 1997). 
The main aim of our lab is to understand how filarial nematodes manage to evade the 
immune system and persist within the mammalian host. These parasites infect the host's 
lymphatic system and are the causative agent of lymphatic filariasis. Their long-term 
survival within the very heart of the immune system implies that they must induce 
tolerance mechanisms to prevent their rejection. As well as giving insights on how to 
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treat the disease, the study of this host-parasite interaction may also allow better 
understanding of the more basic biological phenomenon of tolerance induction and its 
maintenance. 
1. Filarial Diseases 
There are various filarial species that cause severe diseases in humans, of which 
onchocerciasis and lymphatic filariasis are the main targets for treatment and eradication 
since they are the most widespread and cause severe pathogenesis. 
Onchocerciasis (or river blindness), caused by the filarial parasite Onchocerca volvolus, 
affects over 17 million people in Africa and Latin America (World Health Organization, 
1995). The adult females release millions of microfilariae, which are the main parasite 
stage associated with the pathogenesis of the disease, including chronic dermatitis and 
ocular inflammation that can result in blindness. The other main disease, lymphatic 
filariasis is widespread in the tropics, where it affects over 120 million individuals. The 
main causative agents are the nematode parasites Wuchereria bancrofti, accounting for 
91% of the cases, and Brugia malayi (9%) (World Health Organization, 1992). Though 
the majority of infected individuals have 'hidden' asymptomatic infections, lymphatic 
filariasis causes permanent and long-term disability worldwide with 44 million suffering 
from clinical pathology ranging from lymphoedema, hydrocoeles in the genitalia, to 
elephantiasis. 
Since filarial diseases are transmitted by insect vectors, the high proportion of untreated, 
asymptomatic individuals that can act as reservoirs for the disease makes control of the 
spread of infection difficult. Treatment of filarial diseases involves the use of several 
antifilarial drugs, such as diethylcarbamazine (DEC) and ivermectin. However, these are 
not the ideal solution for treatment and eradication of filariasis as they do not confer 
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protective immunity and can cause side effects. In lymphatic filariasis patients, DEC can 
cause some adverse reactions, associated with the local killing of the adult worms and 
the systemic killing of microfilariae (Addiss and Dreyer, 1999). However, the effects of 
DEC on oncocerciasis patients are far more severe and can result in blindness due to the 
inflammatory response caused by the dying microfilaria (World Health Organization, 
1995). This has important implications for the choice of drug treatment for lymphatic 
filariasis patients that are possibly co-infected with 0. volvulus. For the treatment of 
onchocerciasis, recent studies have shown that targeting the endosymbiont bacteria in 
the filarial worms may have therapeutic benefits for the control of onchocerciasis 
(Hoerauf et al., 2003). Nevertheless, the development of an effective vaccine would be 
the most ideal solution for the control of filarial infection. This would require a better 
understanding of the complex immune response generated by infection with the 
nematode parasite. 
2. Immune responses in filariasis 
As a general rule, all helminth infections including filariasis involve 1/ a strong Th2 
cytokine biased immune response 2/ various forms of immune down-modulation that 
allow long-term persistence of the parasite. 
2.1. Thl/Th2 paradigm 
In 1986, Mosmann et al. showed that CD4 T cells could differentiate into two distinct 
subsets of helper T cells characterised by their different cytokine profiles and function in 
disease (Mosmann et al., 1986). Dendritic cells (DC) play a key role in T cell activation, 
hence are probably intimately involved in mediating T helper cell differentiation. Three 
Introduction 	 3 
Chapter 1 
main models have been proposed to explain how DCs may polarise T cell responses: 1/ 
the existence of DC subclasses, 2/the nature of the activating stimuli, 3/the kinetics of 
DC activation (Langenkamp et al., 2000; Moser and Murphy, 2000). The general 
consensus is that Thi cells secrete the inflammatory cytokines IFN-y and IL-2, and are 
important for cell-mediated killing of intracellular pathogens, whereas Th2 cells secrete 
IL-4, IL-13, IL-5 and IL-6, and mediate antibody (ie. IgE) production and eosinophilia, 
which are important for the clearance of extracellular infections. However, this model 
can be criticised for oversimplifying the real life situation, and in any infection, both 
subsets may have important roles, thus the difference in their functions may not be as 
clear-cut in vivo (Allen and Maizels, 1997) (Maizels et al., 1999). Importantly, 
downregulatory pathways exist, which will modulate both Thi and Th2 responses (see 
below). 
Infection with helminths results in a strongly biased Th2 response. In human filariasis, 
the Th2 phenotype is shown by the high expression of cytokines IL-4, IL-5 and IL- 13 by 
patients' lymphocytes (Mahanty et al., 1993) (Maizels et al., 1995). There are probably 
several mechanisms by which this polarised immune response is generated. For 
example, studies from our lab have shown that macrophages recruited in response to 
implant with the filarial nematode Brugia malayi can drive the Th2 differentiation of 
naïve T cells (Loke et al., 2000a). The bias towards a Th2 immune response may be 
caused by a helminth equivalent of lipopolysaccharide (LPS), as an early warning 
('danger') signal to the innate immune system. Studies with soluble excretory-secretory 
(ES) proteins from the gastrointestinal nematode Nippostrongylus brasiliensis have 
shown that these proteins can function as powerful adjuvants for Th2 responses (Holland 
et al., 2000). Additionally, the filarial secreted phosphorylcholine-bearing protein ES62 
can influence the maturation of dendritic cells so that they drive Th2 cell differentiation 
(Whelan et al., 2000). It is possible that discrimination of helminth pathogens may be 
mediated by recognition of parasite glycan structures. For example, the high Th2 
inducing ability of helminth Schistosoma mansoni egg antigen is due to the antigen's 
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surface carbohydrates (Okano et al., 1999; Okano et al., 2001). The Th2 bias during 
helminth infection can be antigen-specific; studies with filarial patients have shown that 
the same individual's peripheral T cells mount a Thi response to mycobacterial purified 
protein derivative (PPD) whilst producing Th2 cytokines in response to helminth 
antigens (Sartono et al., 1996). There are however exceptions to the Th2-skewing ability 
of helminths, and the type of immune response generated can differ depending on the 
parasite's life cycle stage. For example, the microfilarial stage of B. malayi can promote 
Thi cell responses when inoculated in the absence of adult parasites, in contrast to the 
adult females, which drive Th2 cell differentiation (Lawrence et al., 1994). 
2.2. Resistance to filarial nematodes 
It remains unclear whether the polarised Th2 response leads to clearance of the parasite. 
Although studies of intestinal nematode infection in experimental mouse models show 
that parasite expulsion is indeed dependent on Th2 cytokines (Else et al., 1994; Urban et 
al., 1998), the situation is less clear-cut in filarial nematode infections. 
In murine models of filarial infection, BALB/c mice, which have high Th2 responses, 
are the most susceptible to the rodent filarial nematode Litomoso ides sigmodontis 
(Maréchal et al., 1997). However, IL-4 -I- C57BL/6 mice are more susceptible to this 
parasite than wild type mice (Le Goff et al., 2002). In B. malayi infections, Lawrence et 
al. showed that IL-4 -I- mice were equally capable of clearing infection as wild-type 
(WT) mice (Lawrence et al., 1995). However, more recent data suggest that both IL-4 
and IFN-y may play a role in the defence against B. malayi in BALB/c mice (Babu et al., 
2000). These differences are likely to be due to differences in mouse strain backgrounds 
used in the experiments and it is likely that innate immunity has an important role in 
filarial nematode resistance. 
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The appropriate cytokine response may also differ depending on the stage of the parasite 
life cycle. In vitro studies show that IFN-y activated macrophages are capable of killing 
B. malayi microfilariae (Mf) through the release of reactive oxygen species and nitric 
oxide (NO) derivatives whereas adult parasites were more resistant to this type of 
macrophage-mediated killing, probably due to the production of antioxidant enzymes 
(Thomas et al., 1997). However, the situation may be more complex in vivo, and studies 
with murine models of lymphatic filariasis have shown that microfilariae killing occurs 
in the absence of IFN-y and nitric oxide (Gray and Lawrence, 2002a), whereas IL-4 is 
essential for the control of this life cycle stage (Devaney et al., 2002; Volkmann et al., 
2001). For adult filarial worm killing in vivo, studies have shown a critical role for IFN-y 
activated neutrophils. However, IL-5 may be necessary for the recruitment of the 
neutrophils to the site of infection, implicating both Thi and Th2 cytokines in filarial 
resistance (Saeftel et al., 2001). A role for IL-5 in mediating eosinophil recruitment for 
vaccine-mediated immunity but not innate resistance to filarial infection has also been 
shown (Le Goff et al., 2000). Though Th2 cytokines probably play an important role in 
resistance to filarial nematode, the control of their levels during the immune response 
may be critical and it is likely that a balance between Th1/Th2 cytokines must be 
reached for optimal parasite clearance (Allen and Maizels, 1997). 
Resistance to filarial infection is not solely dependent on the cytokine balance of T cell 
responses, but on the effector function of other cell types, although it is clear that the 
activation of these cell types is influenced by the cytokine environment. Recent studies 
have implicated natural killer cells in the control of infection with L. sigmodontis 
(Korten et al., 2002). The role of B cells and antibody production in resistance to filarial 
nematodes is still unclear. Gray and Lawrence have shown that in vivo microfilarial 
killing involves antibody-dependent cell-mediated cytotoxicity (Gray and Lawrence, 
2002b). In studies of murine resistance to Brugia sp. L3 larval stage, Rajan and 
colleagues have suggested a role for B cells, in particular B 1 lymphocytes, for early 
resistance to filarial infection (Babu et al., 1999; Paciorkowski et al., 2000). However, 
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studies from our lab, using L. sigmodontis infected mice of the same background, 
showed that B cell deficiency did not affect resistance to filarial infection (Le Goff et al., 
2002). The effects of B cells in filarial infection are probably subtle and may differ 
depending on the filarial infection model used. 
An additional factor that must be considered when investigating the 
resistance/susceptibility to helminth infections is the various mechanisms of immune 
down-modulation, allowing long-term persistence of these complex, multicellular 
organisms. 
2.3. Immune down-modulation 
He!minth infection results in both parasite antigen-specific and more generalised levels 
of immune suppression. This immune down-modulation seems to affect certain T cell 
functions, notably proliferation and production of cytokines IFN-? and IL-5, but not IL-4 
(Sartono et al., 1997; Sartono et al., 1995a), whilst antibody reactivity is generally intact 
(Hussain et al., 1987). This hyporesponsiveness occurs in most microfilaraemic carriers 
(Ottesen et al., 1977). A profound T cell hyporesponsiveness is also observed in 
offspring of mothers who were microfi!araemic during pregnancy, where it may be due 
to neonatal self-tolerance induction (Steel et al., 1994). 
Many mechanisms for the induction of tolerance have been suggested. In infection, the 
high antigen load resulting from the release of thousands of microfi!ariae may be 
responsible for the state of tolerance, through the uncoupling of T-cell receptors 
(Ramsdel! and Fowikes, 1992), or through T cell clonal exhaustion (Moskophidis et al., 
1993). The parasite could also have a more direct effect by suppressing T cell 
proliferation through generating an immunosuppressive cytokine environment with high 
levels of IL-10 and TGF-13 (Maizels et al., 1999). A possible source of immune 
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modulation is the regulatory T cell subsets. Doetze et al. (2000) recently showed that the 
hyporesponsiveness of the T-cells generated in infection by Onchocerca volvolus was 
associated with the cytokines IL-lO and TGF-13. Further study of the cloned O.volvulus 
—specific T cells revealed the production of IL-lO and/or TGF-P by these T cell subsets 
(Doetze et al., 2000). 
The parasite may also secrete immune down-regulatory molecules. In a murine model 
for arthritis, the filarial secreted product ES62 could downregulate pro-inflammatory 
cytokine production, thereby reducing disease severity (Mclnnes et al., 2003). Filarial 
nematodes also produce cytokine homologues that could interfere with the host immune 
response. Recent evidence has shown that B. malayi secretes functional homologues of 
the human macrophage migration inhibitory factor (MIF) (Pastrana et al., 1998; Zang et 
al., 2002) and the expression of TGF-13 homologues has also been shown (Gomez-
Escobar et al., 1998). Additionally, filarial nematodes secrete cysteine protease 
inhibitors, which may modulate the resulting immune response by interfering with 
antigen processing and MHC class II presentation (Manoury et al., 2001). 
The role of antigen-presenting cells (APC) in this context is as yet unresolved. Studies of 
PBMC from infected patients showed low levels of CD80 mRNA suggesting that the 
parasites may interfere with the expression of co-stimulatory ligands on the APC, thus 
resulting in anergised T cells (Ravichandran et al., 1997). However, treatment of anergic 
T cells from the filariasis patients with exogenous anti-CD28 did not restore their 
proliferation (Sartono et al., 1995b). APC could also downregulate T cell responsiveness 
through engagement with the inhibitory T cell receptor CTLA-4. In recent studies, the in 
vitro blocking of CTLA-4 expression in PBMC from fil ari al -infected individuals 
restored antigen-specific IL-5 production (Steel and Nutman, 2003). 
Dendritic cells are likely to play an important role in the immune down-modulation 
mediated by helminth infection. Recent studies have implicated the microfilarial stage of 
Introduction 	 8 
Chapter 1 
B. malayi in reducing the capacity of DC to activate T cells by inducing apoptosis and 
inhibiting cytokine production (Semnani et al., 2003). Helminths may also affect DC 
maturation. Yazdanbakhsh and colleagues have shown that the phosphatidylserine-
containing lipid fraction of S. mansoni parasites could influence DC activation, resulting 
in Th2 cell induction and the generation of IL-lO-producing regulatory T cells (van der 
Kleij et al., 2002). This effect was mediated through stimulation of Toll-like receptor 2 
(TLR-2), implying that common pathogen-associated molecular patterns (PAMP5) may 
allow innate recognition of helminths in a manner similar to the recognition of bacteria 
through LPS activation of TLR-4. 
In murine infection with B. pahangi, Osborne et al. have implicated IL- 10 producing 
macrophages in suppressing T cell responses (Osborne and Devaney, 1999). 
Macrophages may also down-modulate immune responses by mechanisms other than IL-
10. Previous studies in our lab using the mouse model of B. malayi infection showed that 
the macrophages recruited to the site of infection have a profound suppressive ability 
that is IL-10 independent. (Loke et al., 2000b; MacDonald et al., 1998) (discussed later). 
The mechanisms by which helminths alter the immune response are likely to be diverse 
and all stages of the parasite life cycle may have their own specific immunomodulatory 
effect. The elucidation of these mechanisms would not only allow a better understanding 
of filariasis but would also give insights on how to modulate immune responses in 
general. This would be useful in situations where downregulation of the immune 
response is desirable, such as transplant immunology or autoimmunity. 
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2.4. Role of the immune response in the pathology of the 
disease 
The complexity of lymphatic filariasis is manifested by the wide range of symptoms and 
the existence of different categories of clinical cases. Though most infected individuals, 
including asymptomatic microfilaraemics suffer from some lymphatic damage, the 
factors that determine the extent of pathology must yet be elucidated. The chronic 
symptoms such as oedema, fibrosis and elephantiasis are likely to be caused by the 
physiological failure of the lymphatic system, creating lymph stasis and fluid 
accumulation, which may increase susceptibility to opportunistic secondary infections. 
However, it is still unclear whether the lymphatic failure is mostly due to direct parasitic 
damage or due to an overactive immune response to the infection. Consistent with the 
role of the host immune response in lymphatic pathology, elephantiasis patients 
generally show heightened T cell responses (King et al., 1993; Nutman and 
Kumaraswami, 2001). In epidemiological studies, higher rates of elephantiasis are 
observed in adult immigrants into an endemic area compared to natives that may be 
subject to tolerance induction mechanisms through constant exposure to the helminth 
parasites (Partono, 1984). Additionally, in a mouse model of the disease, nude mice, 
though harbouring a persistent infection, show less pathology in the lymphatics than 
normal controls (Vincent et al., 1984). The parasite mediated immune down-modulation 
may therefore act to block pathogenesis, and the severe pathology observed in some 
clinical cases may result from the failure of the parasite to induce tolerance. In clinical 
cases of lymphatic filariasis, the pathological granulomatous lesions composed of 
eosinophils and macrophages generally develop around dying parasites (Jungmann et al., 
1991). In this case, the active killing of the parasites could potentially cause more 
pathological damage than the infection itself. Further, actively infected microfilaraemic 
individuals show depressed T cell cytokine responses but little pathology, whereas 
Introduction 	 10 
Chapter 1 
elephantiasis patients have high cytokine responses and have generally cleared the 
parasite (Maizels et al., 1999; Nutman et al., 1987). 
The Thl/Th2 outcome of infection may also determine the extent of the pathology. 
Asymptomatic individuals show high levels of the Th2-type antibodies IgG4 and IgE 
and reduced levels of IFN-y whereas clinical pathology is associated with high levels of 
IgGl-3 and elevated IFN-y production. Thus, a Thi response to infection may be 
responsible for clinical pathology (Kurniawan et al., 1993). However, in these studies, 
the levels of IgE are also elevated in elephantiasis patients suggesting that both 
hyperresponsive Th 1 and Th2 responses are associated with disease. Further, in endemic 
areas, there is little difference between the IL-4 levels in uninfected, asymptomatic 
individuals, microfilaraemics and patients with chronic elephantiasis (Maizels et al., 
1995). However, it appears that the relative Thl/Th2 cytokine ratio may be more 
relevant for the clinical outcome than the absolute cytokine levels (King et al., 1993). In 
infection with the helminth S. mansoni, it is increasingly clear that both type 1 and type 
2 cytokine responses can result in lethal immunopathology. By using Thi and Th2 
polarised genetically deficient mice, Hoffman et al. showed that both arms of the 
immune response could cause liver pathology and morbidity, although through different 
mechanisms (Hoffmann et al., 2000a). In this murine model of schistosomiasis, IL-lO is 
crucial for the regulation of both types of polarised immune responses and the 
establishment of a chronic infection with limited pathology (Wynn et al., 1998; Wynn et 
al., 1997). Elucidation of the factors that induce pathology is of critical importance for 
the design of effective vaccines that will allow clearance of the parasite without inducing 
pathology. 
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3. Previous research in our laboratory 
3.1. Brugia malayi implant model 
Due to the highly complex nature of the interaction between host and parasite, it is not 
surprising that filarial nematodes have a narrow host specificity and generally cannot 
infect common laboratory animals such as mice or rats. The human parasite B. malayi 
can develop to maturity in jirds and high recovery of sexually mature adult parasites can 
be obtained. Thus, we use the B. malayi - Jird model involving intraperitoneal infection 
with the larval stage 3 (L3) parasites, as a source of adult B. malayi, and for the 
maintenance of the parasitic life cycle. 
Although laboratory mice are resistant to the full developmental cycle of B. malayi, the 
individual stages of the parasite can survive in mice for various periods of time, allowing 
the study of their effects on the immune response (Lawrence et al., 1994). Our lab is 
specifically interested in the immune response to adult B. malayi and we therefore 
investigate the immune response to this parasite stage by intra-peritoneal implant (see 
below). An alternative model used by our lab involves the rodent filarial parasite L. 
sigmodontis, which can undergo full development in laboratory mice (Hbffmann et al., 
2000b) (discussed further in chapter 6). 
3.2. Nematode-elicited macrophages (NeM) 
The B. malayi infection model used in our lab involves the implant of adult parasites into 
the peritoneal cavity of mice (Fig. 1.1). The parasites can survive for several weeks and 
result in the recruitment of immune cells that can be removed from the site of infection 
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and studied in vitro. This model allows us to study the dynamics of cell recruitment to a 
nematode parasite and the phenotype/function of the cells recruited. The peritoneal 
exudate cells (PEC) recruited by B. ma/a vi consist of a mixed population of 
macrophages (74%), eosinophils (12%) and lymphocytes (9%) (MacDonald Ct al., 
1998). 
Co-culture with 






_______ cytokine production 
purification of NeM 
by adherence 
Fig. 1.1. B. malayi implant model 
NeM are obtained by intra-peritoneal (i.p.) implant of adult parasites for 3-4 weeks. 
Previous studies in the lab have shown that the recruited macrophages, which we term 
nematode-elicited macrophages or NeM (pronounced Nee-mac), blocked proliferation 
of the Th2 cell clone D1O.G4. Nevertheless, anti gen- specific cytokine production was 
still observed, suggesting that inadequate antigen presentation or co-stimulation was not 
responsible for the T cell hyporesponsiveness (Allen et al., 1996; Loke et al., 2000b). 
This suppression was not permanent and could be reversed with the addition of excess 
irradiated splenocytes. Strikingly, proliferative suppression was not restricted to T cells, 
and NeM could suppress equally well a wide range of murine and human transformed 
Brugia malavi 
implant i.p. 
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cell lines. Suppression of proliferation required cell-to-cell contact, implying a receptor-
mediated mechanism. The suppressed cells were blocked in the Gi and G2/M phase of 
the cell cycle, potentially through interference with the degradation of cell cycle proteins 
(Loke et al., 2000b). 
Whilst inhibiting cell proliferation, the NeM4 still remained functional antigen 
presenting cells. For example, when naïve CD4 T cells were exposed to NeM pulsed 
with antigen, then re-stimulated with irradiated splenocytes and antigen, they regained 
normal proliferation rates, but differentiated into IL-4 producing Th2 cells. This Th2 
bias could be blocked with antibodies to TGF- (Loke et al., 2000a). Thus, similarly to 
dendritic cells, macrophages can influence the polarisation of T helper cell responses. 
The generation of the NeM4 suppressive phenotype only occurred in response to live 
adult or L3 parasites, and not Mf. Daily injection of the ES products of the adult worms 
could also induce the suppressive NeM, indicating that the adult parasites caused 
immunomodulation through the secretion of suppressive factors (Allen and MacDonald, 
1998). Work with IL-4 and IL-lO -I- mice showed that the NeM4 suppressive phenotype 
was dependent on IL-4 but not IL-lO (MacDonald et al., 1998). These studies led to the 
lab's interest in macrophage function, especially since the study of NeM relates to both 
helminth infection and IL-4 mediated immune responses. 
4. Macrophage activation pathways 
Macrophages are highly heterogeneous in phenotype, and their function is dictated by 
the signals they receive during their development from monocytes to macrophages 
during recruitment to inflamed/infected tissue. Macrophages can be broadly grouped 
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Fig. 1.2. Macrophage activation pathways 
The most well defined differentiation pathway is the classical activation of macrophages, 
mediated by several factors including 1/ Thi cytokines (eg. IFN-y), 2/the innate 
recognition of microbial PAMPs (eg. LPS) and 3/ danger signals (eg. CD40 ligation, 
heat shock proteins). Classically activated macrophages (CAM4) are key elements of the 
Thi arm of the immune response. They play a crucial role in the elimination of 
intracellular pathogens such as Leishmania sp., the phagocytosis and killing of microbial 
pathogens, and may also contribute to tumour immunity. CAMc eliminate pathogens by 
the release of nitric oxide (NO) and other reactive oxygen species through the 
respiratory burst, the secretion of pro-inflammatory cytokines such as TNF-a, as well as 
many other anti-microbial mechanisms (reviewed by Gordon, 1999). 
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Alternatively activated macrophages (AAM), a term coined by Siamon Gordon and 
colleagues to distinguish them from CAM, are activated by the Th2 cytokines IL-411L-
13 (Stein et al., 1992), that play an important role in parasite infection and allergy. 
AAM show increased endocytic ability, due in part to the surface expression of the 
mannose receptor, higher MHC class II expression, resulting in enhanced antigen 
presentation, and reduced proinflammatory cytokine secretion. The characterisation of 
AAM4 has been predominantly in vitro and studies of their function in vivo remain 
scarce. 
AAM show distinct metabolic activity from CAM4, most strikingly in the metabolism 
of L-arginine (Munder et al., 1998; Munder et al., 1999). In CAM, the Thi-cytokine 
induced enzyme NO synthase mediates the conversion of L-arginine to effector NO and 
citrulline. In AAM, IL-4 upregulates the enzyme Arginasel, catalysing the conversion 
of L-arginine to L-ornithine and urea. The induction of either iNOS or arginase is 
usually associated with the suppression of the opposing enzyme, indicating a 
competitive nature in these alternative states of macrophage metabolism (discussed 
further in chapter 4). The induction of Arginasel in AAM4 may have great relevance to 
AAM function. Whereas NO has antimicrobial and cytotoxic activities, L-ornithine can 
be further metabolised to polyamines and prolines, which control cell proliferation and 
collagen production respectively. This has lead to the hypothesised function of AAM in 
wound healing (Albina et al., 1990; Hesse et al., 2001), further supported by the 
observation that AAM also express genes involved in extracellular matrix deposition 
(Gratchev et al., 2001). 
AAM also have anti-inflammatory properties, which include the secretion of the IL-i 
decoy receptor counteracting the pro-inflammatory actions of IL-i (Fenton et al., 1992), 
and the suppression of cellular proliferation (Schebesch et al., 1997). These properties 
have led to the concept that AAM may be important in the regulation of inflammatory 
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processes, both repairing and preventing further tissue damage after an infection is 
cleared. The immunosuppressive effect of AAM4 may also extend to their involvement 
in promoting tumour evasion from the immune system. Macrophages are generally 
found associated with tumours, and in some cases show an alternative activation 
phenotype due to the Th2-type factors secreted by the cancer cells (Kapp et al., 1999; 
van den Berg et al., 1999). Here, they may inhibit NO killing of the tumour cells by 
CAM through substrate competition for L-arginine. AAM4 may also play a more active 
tumour-promoting role; studies have associated AAM with the suppression of the 
cytotoxic activity and proliferation of CD8 T cells in a murine lymphoma model (Liu et 
al., 2003). 
Finally, macrophages that differentiate under the influence of the immunosuppressive 
factors IL-lU and glucocorticoids can be considered 'deactivated' with regard to MHC 
class II and co-stimulatory ligand expression. Deactivated M play a role in the 
resolution of inflammation by 1/ secretion of anti-inflammatory cytokines (TGF-P and 
IL-b) 2/ decreased expression of MHC class II and co-stimulatory molecules 3/ 
increased phagocytosis of apoptotic cells (Ding et al., 1993; Lang et al., 2002b; Liu et 
al., 1999). The distinction between AAM4 and deactivated macrophages is not clearly 
defined, and they may have overlapping characteristics and functions. For example, 
Goerdt et al. included the effects of IL-lU, TGF-3 and glucocorticoids in their 
descriptions of AAM function (Goerdt and Orfanos, 1999). However, it is important to 
consider that IL-4 and IL-13 induce phenotypic and functional changes that are distinct 
from the immunosuppressive effects of IL-lU and glucocorticoids. Indeed, 
glucocorticoid effects on macrophages can be antagonistic to IL-4 (Goerdt et al., 1993). 
Further, endocytosis and MHC class II expression in macrophages are induced by IL-
4/IL-13, but downregulated by IL-b (Montaner et al., 1999). However, IL-10 can have 
a synergistic effect on the IL-4 mediated activation of macrophages, and upregulation of 
Arginasel expression is greater in response to IL-4 and IL-10 than IL-4 alone (Munder 
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et al., 1999). This effect may be due to IL-lO mediated upregulation of the IL-4Ra, 
thereby increasing responsiveness to IL-4 (Lang et al., 2002a). 
Another macrophage phenotype has recently been described that shares characteristics of 
both AAM and deactivated macrophages, emphasizing the great heterogeneity in 
macrophage function. 'Type 2-activated macrophages' develop in response to classical 
activation signals such as LPS in combination with the FcyR ligation by IgG immune 
complexes (Mosser, 2003). These macrophages were potent inhibitors of acute 
inflammatory responses to bacterial endotoxin through the high level secretion of IL-lO 
(Gerber and Mosser, 2001). Ho.wever, they differed from deactivated macrophages as 
they could drive Th2 cell differentiation and production of IgGi by B cells (Anderson 
and Mosser, 2002). 
The grouping of macrophages into distinct activation pathways is a useful tool for 
defining macrophage function in vitro. However, the situation is likely to be more 
complex in vivo, where macrophage activation will depend on the time-point in the 
inflammatory process, and whether the infection is acute or chronic. In the latter case, 
macrophage differentiation may be influenced by many factors, either antagonistic or 
synergistic to each other, resulting in a spectrum of functional phenotypes (Fig. 1.3). A 
recent review by Siamon Gordon on macrophage function described as many as 5 
different macrophage phenotypes (Gordon, 2003). 
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Fig. 13. Macrophage activation and function in vivo 
During acute infection, the cytokine response triggered by the pathogen will determine the effector 
macrophage phenotype. Once the infection has cleared. Th2 cytokines, IL-10 and glucocorticoids may 
mediate the differentiation of macrophages involved in wound healing and the resolution of 
inflammation. In a chronic inflammatory situation however, there may be a spectrum of macrophage 
phenotypes due to activation by different cytokines. 
5. Role of NeM4 in the immune response to B. malayi 
The study of NeM provides an in vive model for the study of macrophage function in 
chronic Th2 mediated settings. NeM4 differentiate in a complex cytokine environment 
generated by the long-term infection with adult B. malavi parasites. As nematode 
infections drive a highly Th2-biased immune response, IL-4 is probably the main driving 
cytokine in NeM differentiation. The IL-4 dependent suppression of proliferation is 
consistent with the alternative activation of NeM4. However, similarly to type 2- 
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activated macrophages, NeM4 can also drive Th2 T cell differentiation, although this is 
mediated through TGF-13 and not IL-b (Loke et al., 2000a). Due to the chronic 
inflammatory environment triggered by the persistence of the parasite, NeM are also 
likely to be exposed to anti-inflammatory factors such as IL-10 and glucocorticoids. 
Thus, it would be interesting to investigate whether NeM had anti-inflammatory 
characteristics other than the IL- 10 independent suppression of cellular proliferation. 
It is difficult to distinguish between the effects of the very early Th2 cytokine bias 
driven by the nematode, and the factors induced by the chronicity of the infection, on the 
resulting NeM4 phenotype. In infection with the helminth Taenia crassiceps, 
macrophages recruited early on during infection showed a classical activation phenotype 
with high level production of IL-12 and NO, whereas they developed a phenotype 
similar to NeM during the chronic infection stages, where they favoured Th2 cell 
differentiation (Rodriguez-Sosa et al., 2002). Additionally, in a murine model of 
trypanosomiasis, Raes et al. have described the switch between CAM4 to AAM4 as the 
disease progressed from acute to chronic infection stages (Noel et al., 2002; Raes et al., 
2002). These AAM show strikingly similar characteristics to our NeM4 (discussed in 
chapter 3 and 4). However, NeM differ from these macrophages as they are under the 
influence of IL-4 from the onset of infection with B. malayi. Indeed, the IL-4 dependent 
suppressive phenotype can be observed as early as 7 days post implant (MacDonald et 
al., 1998). 
The function of NeM4 in filarial infection is still unclear. There is as yet no evidence 
that they contribute to parasite killing, in contrast to IFN-y activated macrophages, which 
can kill microfilanae through the release of NO. They probably contribute to the T cell 
hyporesponsiveness observed during filarial infection by suppressing cell proliferation 
whilst favouring Th2 differentiation, and downregulate inflammation through other 
mechanisms, such as the secretion of TGF-. These may be beneficial to both the 
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parasite by allowing immune evasion, and the host by preventing pathology resulting 
from a hyperactive type 1 inflammatory response. Nevertheless, one must be aware that 
uncontrolled Th2 immune responses can also cause tissue pathology, and in murine 
schistosomiasis, arginase-producing AAM have been associated with the granuloma 
formatiOn in the liver (Hesse et al., 2001). It is striking how little is known about the 
function of macrophages activated in vivo by Th2 cytokines. Do they have an effector, 
suppressor, wound healing or other undefined roles, or can their function include all of 
the above, depending on the context? These questions form the basis of my thesis. 
6. Thesis Aims 
The B. malayi implant model used in our lab has allowed the generation of NeM4, 
macrophages with a unique phenotype and function. The interest in these cells was 
initially driven by their ability to suppress proliferation of neighbouring cells, implying a 
down-modulatory role for these cells in the immune response to nematode infection. As 
this suppressive phenotype is dependent on IL-4, NeM can be considered as being 
'alternatively activated'. However, it has become clear through work leading up to my 
thesis, and even more so during its progress, that these cells are an excellent model for 
macrophages in chronic Th2 settings. I thus set out to use this model system to address 
key questions regarding these cells in an effort to elucidate the function of AAM4 in 
vivo: 
> What are the NeM4 genes specifically induced by IL-4 in vivo? 
> Is the IL-4 dependent phenotype independent of genetic background? 
> Is the NeM4 phenotype restricted to B. malayi infection, or more broadly 
relevant to nematode infection? 
> Are NeM4 involved in the resolution of inflammation? 
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Materials and Methods 
Mice 
For all experiments, mice used were 6-8 week old at the start of the experiment. 
C57BL/6 and BALB/c mice were generally purchased from Harlan-UK (Bicester, UK) 
or obtained from source (Ann Walker House, Edinburgh University). C57BL/6 IL-4 
deficient (IL-4 -I-) breeding pairs were purchased from B&K Universal Ltd. (North 
Humberside, UK) with permission of the Institute of Genetics, University of Cologne. 
BALB/c IL-4 deficient mice were a kind gift Of Eileen Devaney (University of 
Glasgow), and were originally obtained from the Jackson Laboratories (Bar Harbor, 
USA). BALB/c IL-4 Ra deficient mice were a kind gift from Frank Brombacher 
(University of Cape Town, South Africa). All genetically deficient mice were bred in 
house. 
Parasite infection 
2.1. Brugia malayl 
Adult parasites were obtained from infected jirds (Meriones unguiculatus) purchased 
from TRS Laboratories (Athens, GA) or maintained in house, courtesy of Y. Harcus. 
Adult worms were removed from the peritoneal cavity of jirds that had been euthanised 
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by cardiac puncture under anaesthesia, and washed 5 times in warm media (RPMI, 
Invitrogen). Mice were surgically implanted intra-peritoneally (i.p.) with 6 live adult 
female B. malayi. Three to four weeks later, the mice were euthanised by cardiac or 
brachial artery puncture under anaesthesia, following CO 2 treatment. Naïve mice or mice 
injected i.p. with 0.8 ml of 4% thioglycollate medium brewer modified (Becton 
Dickinson) for three days, were used as controls. The pentoneal exudate cells (PEC) 
were harvested by thorough washing of the peritoneal cavity with 15 ml of ice-cold 
media. In some experiments, the mediastinal and parathymic lymph nodes (LN) draining 
the peritoneal cavity, and/or the spleen were recovered, and a cell suspension was 
prepared. 
2.2. Litomosoides sigmodontis 
The filarial parasite L. sigmodontis was maintained in house by M. Magennis, L. Le 
Goff and M. Taylor. Mice were infected subcutaneously (s.c.) with 25 L3 larvae. At day 
60 or 90 post infection, the mice were euthanised and the thoracic lavage cells were 
obtained by thorough washing with 5 ml ice-cold media of the thoracic cavity. The 
mediastinal and parathymic LN draining the thoracic cavity were removed, and a cell 
suspension was prepared. 
2.3. Nippostrongylus brasiliensis 
The N. brasiliensis life cycle was maintained in house by Yvonne Harcus. Mice were 
infected (s.c.) with 400 L3 larvae. After 1, 6-7 or 15 days, the mice were sacrificed and 
the lung tissue and small intestine were removed for RNA extraction. The mice were 
starved one day prior to sacrifice to ensure that the digestive tract was cleared. 
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3. Immunology Techniques 
3.1. Cell preparations 
3.1.1. Purjfication of macrophages by adherence 
The lavage cells were plated at 1x10 6 cells/mi. Following 2-3 hours adherence at 37°C, 
the non-adherent cells were removed, leaving a cell population highly enriched for 
macrophages. To measure the macrophage purity, a sample of cells were removed from 
the plate by washing with 5mM EDTA in warm PBS and analysed by FACS staining 
using the macrophage marker F4/80 (Caltag). Macrophage purity was >85%. 
3.1.2. Bone marrow derived macrophages and dendritic cells 
Bone marrow derived macrophages and dendritic cells were prepared by harvesting the 
bone marrow from the femur and tibia of C57BL/6 mice. Following the lysis of the 
erythrocytes using red blood cell lysis buffer (SIGMA), the cells were washed and plated 
in 24-well plates. 
Differentiation into macrophages was performed following published protocols 
(Dransfield et al., 1996). In brief, the cells were plated at 2.5x10 5 cells/well in 
Dulbecco's Modified Media (DMEM), supplemented with 25% Fetal Calf Serum (FCS) 
(Gibco), 25% L929 supernatant (ATCC n° CCL1), 2mM L-giutamine, 0.25U/ml 
penicillin and lOOtg/ml streptomycin. The medium was replaced at day 4 and 6 
resulting in a pure population of macrophages by day 7 (>90% F4/80 positive, as 
determined by flow cytometry analysis). 
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For differentiation into dendritic cells, the cells were plated at 3.75x10 5/well in DMEM 
supplemented with 10% FCS, 10% granulocyte-macrophage-colony stimulating factor 
(X63-GM-CSF-producing cell line supernatant (Stockinger et ãl., 1996)) and L-
glutamine and penicillin/streptomycin as before. The medium was replaced on day 3 and 
6. On day 7, the loosely adherent immature dendritic cells (CD1 1C+) were removed by 
gentle pipetting, resulting in >90% CD11c +ve purity, and plated at 1.5x10 6 cells/well. 
3.1.3. Lymphocyte preparation 
B cells were purified from spleens of C57BL/6 mice through negative depletion of 
CD43+ cells using a MACS column (Miltenyi Biotec) following published protocols 
(Skok et al., 1999). The purified B cells (>90% B220 +ve) were cultured in 24-well 
plates, 1.5x10 6  cells/well. The clone D10.G4, a Th2 polansed T cell clone (Horowitz et 
al., 1986), was activated with conalbumin (100g/ml) in the presence of irradiated 
splenocytes for 3 days before recovery of live cells using a ficoll gradient. Thi-polarised 
cells were obtained following protocols previously described (Anderton et al., 2002; 
Fillatreau et al., 2002). In brief, this involved immunisation of mice with MOG (35-55) 
peptide in CFA, recovery of draining LN cells and re-stimulation with peptide over three 
weeks, following which the purification through a ficoll gradient yielded a high purity of 
activated CD4 T cells. 
3.1.4. Cell sorting using magnetic beads 
The MACS magnetic cell sorting system (Miltenyi Biotec) was used for the positive 
selection of several cell types from the lymph nodes, and the selection of macrophages 
from the total PEC population. 
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Lymph nodes 
In order to obtain single cell suspensions, the collected lymph nodes (LN) were first cut 
into pieces and digested with type IV collagenase (2.6mg/mi) (Lorne Labs Ltd) and 
DNAse1 (lmg/ml) (SIGMA) in RPMI for 30 minutes at 37°C, following which the 
reaction was inhibited with 25% FCS. The cells were then incubated at 4°C for 15 
minutes with 5% mouse serum, 0.Olmg/ml anti-CD16/32, 5% purified rat IgG 
.(Pharmingen) in FACS buffer (PBS buffer supplemented with 2mM EDTA, 0.5% BSA, 
2mM NaN3), to block non-specific binding. Purification of the cell types was performed 
by magnetic cell sorting using the MiniMacs columns (Miltenyi Biotec) according to the 
manufacturer's instructions. The antibodies used for purification of different cell types 
were as follows: anti-CD4 microbeads (Miltenyi Biotec), anti-CD8cx-biotin 
(Pharmingen), anti- IgK-biotin (cell clone ATCC HB38), anti-F4/80-biotin 
(Pharmingen), anti-CD! !c microbeads (Miltenyi Biotec) and streptavidin microbeads 
(Miltenyi Biotec). Following purification, the purity of the sorting (as indicated in the 
results) was verified by flow cytometry analysis. 
PEC 
Macrophages from the total PEC population were similarly purified by F4/80 positive 
selection using anti-F4/80-biotin (BD Pharmingen). 
3.2. Flow cytometry analysis 
Cells were incubated at 4°C for 15 minutes in blocking buffer; 5% mouse serum, 
O.Olmg/ml anti-CD!6/32 in FACS buffer. Cells were then stained with the antibodies of 
interest at the appropriate dilution, as determined by titrations of the antibody, for 20 
Methods 	 26 
Chapter 2 
minutes on ice. The antibodies were generally directly fluorochrome conjugated or 
biotinylated. When using biotinylated antibodies, an additional step involving incubation 
of the cells with fluochrome-conjugated streptavidin beads (Pharmingen) was 
performed. The cells were then washed 3x in FACS buffer before acquisition and 
analysis (BD FACStation and FlowJo software). When acquisition was performed the 
following day, the cells were fixed in 0.8% paraformaldehyde and kept in the dark at 
4°C. 
3.3. Cultures and cell lines 
Unless otherwise stated, all in vitro cultures were carried out in RPMI 1640 medium 
(Gibco-BRL) supplemented with 2mM glutamine, 0.25 units/ml penicillin, 100 pg/ml 
streptomycin and 10% FCS (complete medium), at 37°C in 5% CO2 . The murine 
lymphoma cell line EL-4 (ATCC), macrophage cell line J774 (ATCC) were maintained 
in continuous culture for use. 
3.4. In vitro activation of cells 
For activation by Th2 cytokines, cells were treated overnight with [L-4 (10 or 20ng/ml) 
and/or IL-13 (lOng/ml) (Pharmingen). For classical activation, macrophages were 
treated overnight with lOOng/ml LPS (SIGMA) and 1OU/ml recombinant IFN-y 
(Pharmingen). 
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3.5. Photographs 
For cell morphology photographs, cultured macrophages were adhered onto 22x22mm 
coverslips and fixed with 4% formaldehyde. Phase contrast photographs were taken 
using the 40x objective and a color video camera (JVC) using the application software 
Openlab (3.0). 
3.6. Suppression Assay 
To assess their suppressive capacity, macrophages from the peritoneal or thoracic cavity 
were purified by adherence, as described above, and co-cultured in 96-well flat-
bottomed plates with the EL-4 cells (1x10 4 cells/well) for 48 hours. 100 tXl supernatant 
was removed for nitric oxide assays. 1tCi of [3H]TdR in 10tl complete medium was 
then added to each well, and plates were incubated overnight before harvesting and 
counting using a liquid scintillation counter (Microbeta 1450, Trilux). Quadruplicate 
measurements per sample were performed. Results were plotted in counts per minute 
(cpm). Alternatively, the % suppression was calculated in relation to the proliferation of 
the EL-4 cells co-cultured with untreated, control macrophages. 
3.7. Nitric Oxide Assay 
NO production was assessed by nitrite accumulation in the culture media using the 
Greiss Reagent. 100d culture supernatant was mixed with lOOpi of 5.8% phosphoric 
acid, 1% suiphanilamide, 0.1% N- (1 -naphthyl) ethylenediamine dihydrochloride. 
Absorbance was measured at 490nm (with background correction at 650nm) using a 
Methods 	 28 
Chapter 2 
microplate reader. Concentration was determined according to a standard curve of nitrite 
solution. 
3.8. Cytokine Assays 
3.8.1. ELISA 
Parasite antigen preparation 
Adult B. malayi antigen was prepared by homogenisation of mixed sex worms in PBS 
on ice followed by centrifugation at 10, 000 x g for 20 minutes. The resultant 
supernatant was passed through a 0.2tm filter prior. 190d Coomassie Plus reagent 
(Pierce) was added to 10pi antigen followed by reading at 570nm using an ELISA plate 
reader. The protein concentration was calculated from standard dilutions of BSA 
(Pierce). 
Splenocyte cultures 
A single suspension of splenocytes was obtained by mashing the spleens through a cell 
strainer (BD Falcon) and subsequent passage through a 25-gauge needle. Following red 
blood cell lysis, the splenocytes were plated in 96-well plates at 1x10 6 cells/well. The 
splenocytes were stimulated with medium alone, B. malayi antigen (5ig/ml) or 
Concanavalin A (Con A) (1g/ml). Following stimulation for 84 hours, 100d 
supernatant was removed for cytokine assays. 
IFN-?, IL-4 and IL- 10 concentrations were measured by capture ELISA. Plates were 
coated overnight at 4°C with 100tl of the appropriate capture antibody in carbonate 
buffer (0.06M, pH 9.6): 4tg/mi a-IL-4 (ATCC: 1 1B1 1), 3ig/ml a-IFN-y (Pharmingen) 
and 4pg/ml a-IL- 10 (Pharmingen). Plates were then blocked with 5% BSA in carbonate 
buffer for 2 hours at 37°C. The blocking buffer was then flicked off and the plates were 
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incubated overnight at 4°C with 50 !tl of the sample, or doubling dilutions of the 
appropriate recombinant cytokine. Top standards of the recombinant cytokines were: 
rIL-4 (8ngIml), rIFN-'y (500U/ml), rIL-lO (lOng/mi), Pharmingen). The plates were then 
washed 5 times in TBS-tween (0.05%) and incubated with the appropriate biotinylated 
antibody diluted in TBS-tweenl FCS (5%), for 1 hour at 37°C. Concentrations of the 
biotinylated antibodies were: a-IL-4 (5tg/ml), a-IFN-y (0.5pg/ml), a-IL-10 (2ig/ml), 
Pharmingen. Following washing in TBS-tween (as before), the plates were incubated for 
45 minutes at 37°C with extravidin-alkaline phosphatase (SIGMA), at 1 tg/m1 in 75tl 
TBS-tweenlFCS. The plates were then washed with TBS-tween and two washes in 
distilled water. Finally, p-nitrophenyl phosphate substrate (SIGMA) was added at 
100tI/well. The plates were developed in the dark at room temperature for 30 minutes to 
several hours, with regular checking of colour change. Plates were read at 405nm and 
cytokine concentrations of the samples were measured from the standard curve. 
The IL- 13 concentration was determined by capture ELISA using the Quantikine mouse 
IL-13 immunoassay kit (R&D), according to the manufacturer's instructions. 
3.8.2. Intracellular cytokine staining 
Lymph node cell suspensions were activated for 6 hours with PMA (50ng/ml) (SIGMA), 
ionomycin (1tg/ml) (SIGMA) and 1:1 500 GolgiStop (BD Pharmingen) in complete 
medium at 37°C. The cells were recovered and washed in FACS buffer followed by 15 
minutes incubation in blocking buffer on ice. The cells were stained for CD4, then fixed 
using cytofix/cytoperm (BD Pharmingen) according to the manufacturer's instructions. 
Finally, the cells were stained with a-IFN-y and a-IL-4 (BD Pharmingen) before 
acquisition and analysis by flow cytometry. 
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3.9. Cytocentrifuge preparations 
Cytocentrifuge preparations from 400tl cells (2x 106  cells/mI) in complete medium were 
made using a Shandon Cytospin. The slides were air-dried overnight and fixed for 10 
minutes in cold methanol, followed by staining with Diff-Quik (Dade) according to the 
manufacturer's instructions. The cell populations were determined by microscopic 
examination (x40 objective) of at least 100 cells per slide. 
3.10. Phagocytosis Assays 
Macrophages from the peritoneal cavity were purified by adherence in 24-well plates 
and assessed for phagocytosis of FITC-labelled latex beads (SIGMA) and apoptotic 
neutrophils. Human apoptotic neutrophils were kindly prepared and provided by the 
Centre for Inflammation Research (University of Edinburgh), according to published 
protocols (Dransfield et al., 1996). Apoptosis of the neutrophils was determined by 
Annexin V staining. The phagocytosis assays were performed according to published 
protocols (Dransfield et al., 1996). In brief, macrophages were incubated in complete 
RPMI with 1:500 latex beads (3pM diameter; 2.5% w/v suspension) or 4x10 6 apoptotic 
neutrophils for 30 minutes at 37°C, followed by thorough washing of the wells with PBS 
to remove non-phagocytosed beads/neutrophils. The phagocytosis of beads/neutrophils 
was assessed by microscopic visualisation of the wells or by flow cytometry analysis. 
For microscopic visualisation, the cells were fixed with 4% formaldehyde for 10 
minutes, followed by thorough washing with PBS. The neutrophils were subsequently 
stained with dimethoxybenzidine (0. 1mg/mi) in PBS containing 0.05% (v/v) H 202 for 30 
minutes at 37°C. Phase contrast photographs were taken as described previously. 
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For analysis by flow cytometry, the neutrophils were stained with CFSE prior to 
incubation with the macrophages, allowing detection on the FL-i channel. As the latex 
beads were labelled with FITC they were also detected on the FL-i channel. Following 
incubation with beads/neutrophils, the macrophages were detached using 5mM EDTA in 
warm PBS and stained with F4/80-tricolour (Caltag). % positive macrophages for 
phagocytosis of beads/neutrophils was determined by measuring the double positive 
cells by flow cytometry analysis. Cytocentrifuge samples were prepared from the 
remaining cells, and were visualised by microscopy using a UV lamp. Photographs were 
taken as described previously. 
3.11. Antibodies 
Following Holcomb et al.'s protocol (Holcomb et al., 2000), a polyclonal antibody 
against Fizzi was raised by immunising rabbits with the N-terminal peptide of Fizzi 
(BNKVKELLANPANYP) conjugated with KLH. This was done commercially for us by 
Genosphere Biotechnologies, France. The polyclonal serum against Ymi was a kind gift 
of Alan Wilson and Pat Coulson (University of York), and was obtained by immunising 
rabbits with the Ymi peptide IPRLLLTSTGAGIID. 
3.12. Western Blot analysis 
20d of peritoneal exudates were mixed with sample buffer (Invitrogen) supplemented 
with 3-mercaptoethanol (100.tM), heat denatured and resolved by SDS-PAGE, using the 
a pre-cast 4-12% gradient Bis-Tris Nupage gel (Invitrogen) followed by transfer onto 
nitrocellulose membrane (Bio-Rad). The membranes were blocked overnight in 5% 
milk, 0.05% Triton-X/ Tween20 in TBS then incubated for 2 hours at room temperature 
with 1:5000 anti-Fizz!, 1:10000 anti-Ymi or 1:5000 control pre-immune serum. 
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Incubation for 1 hour with 1:2000 peroxidase-conjugated goat anti-rabbit IgG H+L (Bio-
Rad) was followed by detection by enhanced chemiluminescence method according to 
manufacturer's instructions (Amersham Pharmacia Biotech). 
4. Molecular Biology 
4.1. RNA extraction 
RNA was recovered from cells by re-suspension in TRizol (Invitrogen). For RNA 
extraction of tissue, the tissue was first incubated overnight at 4°C in RNAlater 
(Ambion), and subsequently homogenised in TRizol. Total RNA was extracted 
according to the manufacturer's instructions. For more maximal RNA recovery, 5tg 
glycogen (Invitrogen) was added to the isopropanol precipitation step. The purified RNA 
was treated with DNAse1 (Ambion) to remove contaminating genomic DNA. The RNA 
concentration was determined by OD measurement using the GeneMeter (ABGene) at 
A260 (1 A260 unit RNA = 40g/ml H20). The purity was determined by the A260/A280 
ratio, and by gel electrophoresis (1% agarose) and ethidium bromide staining (0.4ig/ml) 
of the RNA. 
4.2. Reverse Transcription 
1 tg of RNA was used for the synthesis of first strand cDNA. Each reaction (20tl) 
contained 1mM of each dNTP (Stratagene), 0.5pg oligo dT (Promega), 1U RNAse 
inhibitor (Promega) and 50U MMLV reverse transcriptase (Stratagene), in lx reaction 
buffer (Stratagene). The conditions used for reverse transcription were; 20°C for 10 
minutes, 37°C for 1 hour and 99°C for 5 minutes. 
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4.3. PCR 
4.3.1. Real-time PCR 
Relative quantification of the genes of interest was measured by real-time PCR, using 
the LightCycler (Roche Molecular Biochemicals). Five serial 1:4 dilutions of a positive 
control sample of cDNA were used as a standard curve in each reaction and the 
expression levels were estimated from the curve. Real-time PCR of the housekeeping 
gene 13-actin allowed normalisation of the expression of the genes of interest. PCR 
amplifications were performed in lOpd, containing ipi cDNA, 4mM MgC1 21  0.3!.tM 
primers and the LightCycler-DNA SYBR Green I mix. The amplification of Ymi was 
performed in the following conditions: 30s denaturation at 95°C, 5s annealing of primers 
at 63°C and 12s elongation at 72°C, for 40-60 cycles. The fluorescent DNA binding dye 
SYBR Green was monitored after each cycle at 85°C. For all other primers, the 
annealing temperature was 55°C and the monitoring of SYBR green fluorescence was 
performed at 86°C. 
4.3.2. Standard PCR 
PCR reactions were generally performed in 25!l containing 1 .25-2.5U Taq polymerase 
(Roche), 0.25mM each dNTP, 0.2tM primers in lx PCR buffer (Roche). The conditions 
used for standard PCR were; an initial denaturation at 94°C for 5 minutes, then 35 cycles 
of 20 sec 94°C, 30 sec 55°C, and 90 sec 72°C, followed by 10 minutes at 72°C, unless 
otherwise stated. The PCR products were visualised by gel electrophoresis (1% agarose) 
and ethidium bromide staining (0.4pg/ml). 
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4.4. DNA sequencing 
DNA sequencing was performed on purified plasmid preparations or shrimp alkaline 
phosphatase (Amersham) - treated PCR products. Sequencing was carried out using dye 
terminators with the BIGDYE cycle sequencing kit (Perkin Elmer). Each reaction was 
performed in 1Otl and contained 4pil Terminator Ready Reaction Mix, 2-4pl template, 
ltl sequencing primer (1.6..tM) and H 20. The conditions used for sequencing were; 25 
cycles (96°C for 30 see, 50°C for 20 see, 60°C for 4 minutes). After completion, excess 
dye terminators were removed using gel filtration cartridges (Edge Biosystems) 
according to the manufacturer's instructions. Sequences were resolved by the ICAPB 
sequencing facility, using the 377 automated sequencer (ABI). Chromatograms were 
viewed and data was edited using Seqed (ABI) and MacVector (Accelrys). For 
sequence homology search, the sequences were matched to the GenBank database 
through BLAST search. 
4.5. Hybridisation Arrays 
4.5.1. IL-4 NeMçb Subtractive library 
The IL-4 NeM4 subtractive library was constructed in the pcDNA3. l/V5/His-TOPO 
vector system (Invitrogen), by P'ng Loke. Recombinants from the library were 
transformed into TOP1O E.coli cells. The successful transformants were selected for 
ampicillin resistance conferred by the vector. 
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Preliminary library analysis 
PCR amplification of the recombinants using vector primers T7 and pcDNA 3.1 REV 
was performed and positive clones with inserts over 500 b.p. were selected. The 
remaining PCR products of the positive clones were blotted onto nitrocellulose 
membranes (-'lOOng per sample) using the Bio-Dot Microfiltration Apparatus (Bio-
Rad). 4 replicates were made for each blot. The blots were probed with 3tg 32P-dCTP-
labelled first strand cDNA from IL-4 -I- and WT PEC, according to the atlas cDNA 
expression arrays user manual (Clontech). The hybridised blots were exposed to 
phosphoimager plates for 48 hours, then on X-ray film for 7 days. Sequencing of the 
differentially expressed clones was performed as described above (Section 4.4). 
Full library analysis 
The IL-4 NeM subtractive library screen and subsequent sequencing was performed by 
Genetix, Ltd (UK) and MWG-Biotech (UK), respectively. In brief, 5760 clones were 
gridded in duplicate onto a 22.2 x 22.2 cm nylon filter. cDNA from B. malayi recruited 
M from WT and IL-44- mice were labeled with DIG-High Prime (Roche) and 
hybridized to separate nylon filters at 65°C. The filters were imaged using a Fuji 
LAS 1000 and the resultant images were analysed using ArrayVision 4.3 (Imaging 
Research Inc.). Two hundred and eighty-eight clones showing the greatest differential 
expression in WT M were selected for sequencing. The sequences were subjected to 
bioinformatics analyses by John Parkinson (Loke et al., 2002). 
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4.5.2. Mouse 1.2 Atlas Array 
cDNA templates from WT or IL-4 -I- thioglycollate macrophages and NeM were PCR 
amplified using the Generacer kit (Invitrogen). The PCR amplified cDNA was labelled 
with 33P and hybridized to separate Mouse 1.2 Atlas Array (Clontech) nylon membranes. 
The hybridization signal was quantified using ImageQu ant Mac version 1.2. Comparison 
of signals from the positive control genes on the array indicated that the labeling 
intensities of the cDNA probes from the different macrophage populations were 
comparable. Expression values for individual genes were calculated in arbitrary units 
relative to the strongest positive control hybridization signal. 
4.6. Recombinant protein expression 
4.6.1. Protein Expression in E.coli 
Recombinant Fizzi/Fizzi trunc was expressed in the pET21b expression vector 
(Novagen). Directional cloning of the inserts into the expression vector and subsequent 
expression was performed according to the pET expression system manual (9th  Edition, 
Novagen). 
In brief, PCR amplified Fizzi/Fizzi trunc products were digested with restriction 
enzymes NdeI and XhoI (New England Biolabs) and directionally cloned into 
NdeI/XhoI restriction digested pET21b vector using T4 DNA ligase (Roche). 
Successfully cloned vectors were obtained by transformation of the ligation reactions 
into chemically competent E. coli (XL-1 blue), and sequencing for selection of clones 
with inserts of correct sequence and ligated in frame with the expression vector. 
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For expression, purified plasmids were prepared using the QlAprep Spin Miniprep kit 
(Qiagen). The plasmids were subsequently transformed into E. coli BL21 (DE3) or 
Origami (DE3) pLysS (both available from Novagen). Single colonies were picked and 
grown under appropriate antibotic selection at 30 °C or 37°C, in a shaking incubator. 
Expression of the recombinant protein was induced by 1mM IPTG (SIGMA). Successful 
expression was assessed by SDS-PAGE, followed by Coomassie staining or Western 
Blot analysis with the appropriate antibodies to the protein of interest. For inclusion 
body purification, the reagent B-PER (Pierce) was used according to manufacturer's 
instructions. 
4.6.2. Protein expression in COS cells 
For expression of Fizzl in mammalian cells, clones with the correct, full-length Fizzi 
sequence were selected from the IL-5 -I- NeM4 EST library. This library was designed 
by P'ng Loke using the pCMV-Script vector system (Stratagene) (Loke et al., 2002). 
High quality plasmid preparations were obtained using the Quick Flow Maxi kit 
(Hybaid). Transfection of COS cells (ATCC; kindly provided by Clare Blackburn) was 
performed using the FuGENE 6 transfection system (Roche), according to 
manufacturer's instructions. Recombinant protein expression was assessed by Western 
Blot analysis with a-Fizz 1 anti-serum. 
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4.7. Primers 
Primers for PCR were: 
AMCase: GTCTGGCTC11TCTGCTGAATGC and 
TCCATCAAACCCATACTGACGC. 
Arginase I: CAGAAGAATGGAAGAGTCAG and CAGATATGCAGGGAGTCACC. 
f3-Actin: TGGAATCCTGTGGCATCCATGAAAC and 
TAAAACGCAGCTCAGTAACAGTCCG. 
Fizz]: GGTCCCAGTGCATATGGATGAGACCATAGA and 
CACCTCTFCACTCGAGGGACAGTFGGCAGC. 
Fizz] trunc: GGTCCCAGTGCATATGGATGAGACCATAGA and 
G111'GGCAGCACTCGAGAGTGGTCCAGTCAA. 
Fizz2: GTGTYFCCTVVFCATCCTCGTCTC and 
CAGTGGCAAGTArVFCCATFCCG. 
iNOS. GCAmGGGAATGTAGACTG and G111'GCATFGGAAGTGAAGCGTYI'C. 
MIP-1 a: GTCCAAGAATACATCACTGACC and ATGTGGCTAC1TGGCAGC. 
MIP-1f3: GATGGATFACTATGAGACCAGC and 
AGAGGGGCAGGAAATCTGAACG. 
MIP-2: AAGGCAAGGCTAACTGACCTGG and TGTTCTACTCTCCTCGGTGC. 
SL  O]A1: CAAGCCTI'CACCAGAAAG and GGGTAG1TITATVVITGGACAC. 
SL 02G2: GCCGTGAAACGACGATACTAAG and 
CAACATCCATCA1TTACAGCAACAG. 
SAA-3: GACAGCCAAAGATGGGTCCA and GCACAUGGGATGTVFAGGG. 
Ym]: TCACAGGTCTGGCAAYTCTTCTG and mGTCCTFAGGAGGGCTFCCTCG 
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Primers for sequencing were: 
pcDNA 3.1 FOR: AGACCCAAGCTGGCTAGTI'AAGC. 
pcDNA 3.1 REV: TAGAAGGCACAGTCGAGG. 
SMART: AACGCAGAGTACGCGGG(AGCT). 
T7 promoter: TAATACGACTCACTATAGG. 
T7 terminator: GCTAGTTATFGCTCAGCGG. 
5. Data Analysis and statistics 
Graphs were prepared using Excel (Microsoft Office X) and PRISM (version 3.0; 
GraphPad Software, Berkeley, CA). Unless otherwise stated, the two-tailed unpaired 
student t test (as indicated) was used to assess the statistical difference between the 
groups studied with p<0.05 determined as a significant difference. When analysing 
data with more than one variable (eg. repeat experiments or different time-points), 
the two-way analysis of variance (ANOVA) was used, with post-hoc comparison of 
means testing using the Least Significant Difference (LSD) test (Statistica 
programme). 
n 
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Chapter 3 
IL-4 dependent genes in NeM 
(published in part in BMC Immunology) 
1. Introduction 
In contrast to intracellular pathogens, little is known about the behaviour or function of 
macrophages after exposure to extracellular nematode parasites. Nematodes induce a 
Th2 cytokine response, and as with allergic inflammation, macrophages and eosinophils 
are prominent components of the cellular infiltrate associated with infection. 
Macrophages that differentiate in response to Th2 cytokines have been called 
alternatively activated macrophages (AAM4), a term coined by Siamon Gordon and 
colleagues to distinguish them from classically activated macrophages (Stein et al., 
1992; Gordon, 1999). AAM have subsequently been expanded to include the effects of 
IL-lO and glucocorticoids (Goerdt et al., 1999). Until recently, characterisation of 
AAM4 have been largely confined to in vitro studies (Stein et al., 1992; Doyle et al., 
1994; Schebesch et al., 1997; Munder et al., 1998; Gratchev et al., 2001) and studies 
describing the recruitment or activation of these cells in vivo remain scarce. 
The B. malayi implant model used in our laboratory results in the recruitment of 
'nematode-elicited macrophages' (NeM4). NeM are activated in a Th2-biased cytokine 
environment and share many features with AAM4 (Loke et al., 2000). Thus, using this 
filarial nematode infection model, we are able to obtain a source of in vivo AA1N'I. 
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Previous studies in the laboratory, using wild-type (WT) and IL-4 -I- C57BL/6 mice 
have shown that the NeM4 phenotype, in particular the ability to suppress proliferation 
in a contact dependent manner, is dependent on IL-4 (MacDonald et al., 1998; Loke et 
al., 2000). An expressed sequence tag (EST) strategy to investigate the NeM4 
expression profile revealed the abundant expression of Ymi and Fizz 1; 10% and 2% of 
the NeM mRNA respectively (Loke et al., 2002). Both Yml and Fizz! had not 
previously been associated with AAM function at the time of the study. In addition to 
the identification of abundantly expressed genes in NeM4, we also wanted to 
specifically pinpoint the genes involved in the IL-4 dependent NeM phenotype, and 
whether the expression of Ymi and Fizz iwas mediated by IL-4. 
P'ng Loke, a PhD student in the lab, designed a subtractive hybridization library to 
screen for IL-4 dependent genes expressed by NeM4 (Loke et al., 2002). This library 
was constructed using biotinylated RNA from IL-4-/- NeM4 to remove commonly 
expressed genes found in both WT and IL-4-/- NeM4. The RNA was then reverse 
transcribed and PCR amplified. The PCR products were ligated into a mammalian 
expression vector, allowing the potential expression of the genes of interest in a 
mammalian system. 
This chapter summarises the results from both a preliminary screen and the full analysis 
of the IL-4 NeM subtractive library, which allowed the identification of macrophage 
genes that were specifically driven by IL-4 in vivo, as well as allowing the discovery of 
novel genes that had not been published at the time of this study. 
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2. Results 
2.1. Small-scale analysis of the subtractive library 
(performed with the help of P'ng Loke) 
From the IL-4 subtractive library, 5760 primary recombinants were obtained. We first 
performed a preliminary screen of a fraction of the subtractive library (400 
recombinants), allowing rapid identification of potential IL-4 dependent genes in NeM. 
Recombinants were screened by PCR amplification of the inserts with T7 and 
pcDNA3.1 REV (Fig. 3.1). 
SMART primer 
17, 14 	1 T1 8X :Ir!© 
	
pcDNA3.1 FOR 




Fig. 3.1. Schematic diagram of the mammalian expression vector pcDNA 3.1/V5-His-
TOPO (Invitrogen) used for the subtractive Library 
The primers used for sequencing the inserts are indicated by a red arrow. Although the 
PCR products can ligate in both orientations, the SMART primer anneals with a linker 
sequence at the 5' end of every PCR product designed to ensure sequencing from the 5' 
end. 
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Clones that gave well-defined PCR products of over 500 base pairs were selected for 
analysis for differential expression. 60% of the clones were selected using this criterion 
and the PCR products were blotted onto nitrocellulose membranes. Analysis for 
differential expression involved hybridisation of the blotted PCR products with 
radioactively labelled first strand cDNA of peritoneal exudate cells from both the B. 
,nalayi implanted WT and IL-4-/- mice. For each blot, we used -actin and 2-
microglobulin as positive controls to ensure similar quantity of cDNA was used for each 
group. Two blots were hybridized and exposed to the phosphoimager (see Fig. 3.2 for an 
example of one of the blots). 
C57BL16 	
control 	IL-4 -I- 	 control 
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Fig 3.2. Differential hybridization to select for IL-4 dependent genes in NeM 
PCR products were blotted onto nitrocellulose membranes, hybridized with 
peritoneal exudate cell first strand eDNA from implanted C57BL16 and IL-4-!- B. 
malayi implanted mice and exposed to the phosphoimager. The clones that showed 
higher hybridization signal when probed with C57BL/6 cDNA (circled) were 
selected for sequencing. Clones highlighted with the triangles indicate Fizzi, the 
most highly represented gene in the subtractive library. Controls for similar cDNA 
quantity in both samples included -actin and 3-microglobu1in. 
22 clones that showed greater hybridization when probed with the WT NeM4 
macrophage DNA were selected and the PCR products sequenced. As sequencing cannot 
occur efficiently through the poly A tail at the 3' end of the transcript, we exploited the 
fact that a linker sequence (SMART oligo, Clontech) was added to the 5' end of each 
transcript during reverse transcription. Using the SMART primer we were able to 
sequence through the 5' end of the transcript (Fig. 3.1). 
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16/22 sequences yielded good quality sequence and were blasted against the NCBI 
database (Table 3.1). From this preliminary screen, Fizz I (5 sequences) and Serum 
Amyloid A3 (SAA-3) (2 sequences) were the main candidates for IL-4 dependent 
upregulation in NeM4, and were selected for verification by quantitative RT-PCR. 
Although this preliminary screen was of a very small scale, the results were remarkably 
consistent with the subsequent automated screening and sequencing of the whole 
subtractive library, as both Fizz 1 and SAA-3 were indeed the most highly represented 
genes. This preliminary screen gave me a head start to study both Fizzl and SAA-3 
without waiting for the results of the full subtractive library screen several months later. 
Table 3.1. Preliminary screen to identify IL-4 dependent genes in 
NeM4 
Potential IL-4 dependent genes 	 Frequency 
in NeM4 
FIZZI/RELMa 	 5 
Serum amyloid A3 	 2 
BAC 271B7 chromosome X Gabre gene 	1 
3-Actin 	 1 
f32-microglobulin 	 I 
Cyclin ania-6b 	 1 
Cysteine-rich intestinal protein 	 1 
Leukotriene C4 synthase 
Mitochondrial protein 	 1 
Ribosomal protein S7 	 1 
Ribosomal protein Si 8 	 1 
Failed Sequences 	 6 
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2.2. Full scale subtractive library screen 
(performed together with P'ng Loke and John Parkinson) 
As we obtained over 5 000 primary recombinants from the library, we chose to send the 
library to Genetix, Ltd (UK) and MWG-Biotech (UK) for automated screening for 
differentially expressed clones and subsequent sequencing. In brief, the library was 
plated in a 384-well plate format, gridded onto nylon membranes, and differentially 
screened for IL-4 dependent genes by probing separate membranes with labelled cDNA 
from WT and IL-4 -I- NeM4. 288 clones that gave the strongest differential signal 
between WT and IL-4 -I- cDNA were re-racked into 96 well plate formats, mini-preps 
prepared and sequenced. Although the SMART primer allowed sequencing from the 5' 
end of PCR products, sequencing from plasmids failed. We subsequently sequenced the 
plasmids using vector-specific primers. As inserts were ligated into the vector in both 
orientations, both pCDNA3.1 FOR and REV primers were used to ensure that one set of 
sequences would read through the 5' end of the transcript, and not through the poly A 
tail (Fig. 3.1). The bioinformatics analysis was performed by John Parkinson and 
involved processing to remove vector sequence and selecting inserts over 150 bp. From 
this analysis, surprisingly few numbers of sequences met the criteria for selection for 
analysis (see appendix 1 for more explanation). Sequences were clustered on the basis of 
sequence similarity and blasted against the NCBI database. 
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Table 3.2. IL-4 dependent genes identified in the full subtractive 
library screen 
o. of sequenced % of total sequenced GenBank Match (accession no.) 
lones 	clones 
25 	 37.88 	 F1ZZ1/ RELM-a (NP_020509) 
10 	 15.15 	 SerumamyloidA3(NPJJ11315) 
2 	 3.03 	 Similar to Rat RNA polymerase II 
transcription factor Sill or elongin B (L42855) 
2 	 3.03 	 Similar to extracellular proteinase inhibitor (BC002038) 
2 	 3.03 	 Metallopanstimulin 1 (NM001030) 
1 	 1.51 Inhibitor of DNA binding 2 (BC00692 1) 
1 	 1.51 Adipocyte differentiation-related protein 
(M93275) 
1.51 Methallothionein-1 gene transcription activator 
(AA146152) 
1 	 1.51 Ring-box 1 orRbxl (NM_019712) 
1 	 1.51 Cyclophilin (X52803) 
1 	 1.51 Thrombospondin (M62470) 
1 	 1.51 Yml/ECF-L (D87757) 
1.51 Cellular apoptosis susceptibility gene (AF301 152) 
1 	 1.51 Thymosin beta-4 (X16053.1) 
1 	 1.51 H3 histone (BC002052) 
1 	 1.51 CD9 antigen (NM_007657) 
1 	 1.51 Ribosomal protein S29 (NM_009093. 1) 
1 	 1.51 16SribosomalRNA(AY011146) 
6 clones showed EST hits with no functional identification. 10 clones were completely novel genes 
that had not been identified in other EST projects (see appendix 1). This dataset can be viewed a! 
[http://nema.cap.ed.ac.uk/seq_tables/macrophage/macro.html].  
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2.3. Proteomics analysis of NeM 
The original aim of the identification of IL-4 NeM4 subtractive library was in part to 
identify the IL-4 dependent molecule that mediated proliferative suppression (Loke et 
al., 2000). Although Ymi and Fizz 1 were the main genes expressed by NeM4, they are 
secreted and hence not likely to be the candidate proteins for the contact-dependent 
suppressive phenotype. However, we would need to overexpress both genes in control 
macrophages to confirm this hypothesis. 
Many reasons could explain why this molecular approach did not allow the identification 
of the suppressive mechanism of NeM. Although IL-4 dependent, the suppressive 
molecule may be expressed at low levels, and hence would not be detected in the library. 
Alternatively, the suppressive mechanism may also be mediated by the interaction of 
many proteins. The contact dependent suppression could also result from the re-
organisation of proteins at the cell surface rather than by de novo protein synthesis. 
Finally, the suppressive protein may be expressed in both WT and IL-4 -I- NeM4, and its 
suppressive phenotype may be due to a post-translational modification for example, a 
glycosylation change. 
In addition to taking a molecular approach to study the IL-4 dependent gene expression 
by NeM, we also plan to identify IL-4 dependent proteins using a proteomics approach 
(Pandey et al., 2000). This would involve the separation of the proteins from WT and 
IL-4 -I- NeM4 according to their p1 and molecular weight, by two-dimensional gel 
electrophoresis, and the subsequent mass spectrometric analysis of the differentially 
expressed proteins. Using this method, a post-translational modification, such as the 
cleavage of the protein or a different glycosylation pattern would be detected, as this 
type of modification would change the molecular weight andlor the p1 of the protein. 
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We have established a collaboration with Alan Wilson (University of York), to identify 
the differentially expressed proteins in the three macrophage populations using the 
proteomics facilities at the Univesity of York. In addition to the possible identification of 
the suppressive protein(s), this analysis will allow a detailed analysis of proteins 
upregulated or modified in macrophages activated by IL-4 in vivo. 
We have prepared the cells for this proteomics study. This involved the B. malayi 
implant of C57BL/6. and IL-4 -I- mice, and the recovery of the peritoneal exudate cells 
(PEC) after 3 weeks. As a control we have also prepared thioglycollate elicited 
macrophages. Macrophages were purified by F4/80 positive magnetic selection yielding 
over 2 x 106  cells of high macrophage purity (Fig. 3.3). We were not able to analyse 
these cell preparations during the course of my PhD but we plan to perform the 
proteomics analysis in the near future. 
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Fig. 3.3. F4/80 staining of purified macrophages 
Peritoneal exudate cells were obtained from control 4% thioglycollate-injected 
C57BL/6 mice (A) and B. malayi implanted C57BL/6 mice (B) and IL-44- mice (C) 
and F4/80 positive macrophages were purified using positive magnetic selection. 
Graphs show percentage purity determined by comparing F4/80 stained cells (bold 
line) to cells stained with the appropriate isotype control (dashed line). 
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2.4. Real-time RT-PCR analysis to confirm IL-4 dependent 
expression of genes of interest in NeM4 
2.4.1. Arginasel, Fizzi and Ymi but not SAA-3 are induced in NeMçb in an IL-4 
dependent manner 
A number of genes had been identified from the IL-4 NeM4 subtractive library, and it 
was essential to verify their IL-4 dependent expression by quantitative real-time RT -
PCR. We started by investigating Arginasel (Argi) expression, essentially as a control 
for a known IL-4 dependent AAM4 gene (Louis et al., 1999; Munder et al., 1999). 
However, upregulation of Argi in response to IL-4 had not previously been shown in 
vivo, at the time of this study. Argi mediates the conversion of L-arginine to proline, a 
precursor of collagen (see chapter 4 for further discussion on Argi). 
Together with studies showing that high production Of arginase by macrophages is 
associated with granuloma fibrosis (Hesse et al., 2001), these facts have led to the 
hypothesis that Argi may be involved in wound healing and tissue remodelling. We 
confirmed by real-time RT-PCR that Argi was induced in NeM in an IL-4 dependent 
manner (Fig. 3.4A). 
A. Arginase 1 	 B. Fizzi 	 C. SAA-3 
to-
: 1 2 10- ll 	
- 
C57BU6 C57BU6 IL-4' 	IL-4 1- 	C57BU6 C57BIJ6 IL-4 	lL-4 	 C57B1J6 C57BL16 lL-4 	1L44 
conI 	NeMo 	corn NeM4 corn 	NcM0 	corn NeMo corn 	NcM0 	corn NeM 
(pooled) (ned) 	(pooled) (ned) 	(pooled) (n=9) (pooled) (n=6) 	 (ned) 	(o=5) 	(ned) 	(n=5) 
Fig. 3.4. Arginasel, Fizzi and SAA-3 expression in macrophages naïve and B. malayi 
implanted C57BL/6 and IL.44- mice 
Macrophages from C57BL/6 mice and IL-4 -I- mice control (cont) or implanted with adult B. 
malayi (NeM4) were purified by adherence and prepared for analysis for real-time RT-PCR 
of the genes of interest: Arginase 1 (A), Fizz 1 (B), SAA-3 (C). Expression levels were 
determined using a standard of four dilutions of PCR products of the genes of interest and are 
shown as a percentage of the housekeeping gene 13-actin (A, B). For SAA-3 (C ), expression 
levels were normalised for 13-actin and the highest expressing sample was arbitrarily set at 
100. Expression levels represent the mean of groups of n mice (as indicated). Due to the 
limited cell numbers for the control, resident macrophages, cDNA was obtained from 
macrophages pooled from groups of 2 or 3 mice. Error bars represent one SD from the mean. 
We measured the p value between the C57BL16 and IL-4 -I- groups (t p<0.001). 
	













Fig. 3.5. Ymi expression is dependent on IL-4 
Macrophages from C57BL/6 mice and IL-4 -I- mice 
implanted with adult B. malayi (NeM4) were purified by 
adherence and Yml expression was measured by real-
time RT-PCR. The cDNA samples were normalised for 
the housekeeping gene 13-actin and expression levels 
were measured from a standard of four dilutions of 
positive control cDNA (the highest concentration was 
arbitrarily set at 100). Error bars represent one SD from 
the mean of groups of 5 mice. 114 p<O.00l. 
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We next chose to measure Fizz 1 and SAA-3 as they were the most highly represented 
genes in the subtractive library (Fig 3.4 B, Q. In macrophages purified by adherence, 
we observed the IL-4 dependent upregulation of Fizz 1. Although SAA-3 was 
consistently induced by parasite infection, the IL-4 dependence of this upregulation was 
less clear, as in 2 of 4 separate experiments upregulation occurred in IL-4 -I- mice at an 
even higher level than in WT mice. 
C57BU6 	IL-44-NeM 
NeM4 
Although Ymi was the most highly represented gene in the NeM EST library, whether 
its expression was dependent on IL-4 was still unclear. Only 1 Ymi clone was 
sequenced in the subtractive library, and it was clear that other factors than Th2 
cytokines, such as B. malayi mammalian migration inhibitory factor (MIF), could induce 
the expression of this gene (Falcone et al., 2001). We found that Ymi was consistently 
lower in IL-4 -I- NeM than in WT NeM (Fig. 3.5). When we measured the Yml 
expression in macrophages in naïve resident or thioglycollate injected mice, we 
consistently observed none or basal expression levels (data not shown). Thus, despite 
earlier findings from our lab that Ymi was IL-4 independent, these findings demonstrate 
IL-4 dependent expression and are consistent with recently published data (Raes et al., 
2002). 
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2.4.2. Fizzi and Ymi are secreted in the peritoneal lavage fluid following B. malayi 
implant in an IL-4 dependent manner 
Fizz! and Ymi proteins both have leader peptide sequences and have been shown in 
other disease models to be secreted (Holcomb et al., 2000; Chang et al., 2001). We 
wanted to see whether the very high level of gene transcription we observed was 
reflected in protein expression, and to verify whether both proteins were secreted in the 
peritoneal cavity. We therefore generated or obtained rabbit polyclonal antisera to Fizz 1 
and Ym! peptides. 
For the generation of anti-Fizzi antibodies, we had initially planned to immunise rats 
with bacterial recombinant Fizzi. However, due to the problems with the solubilisation 
of the recombinant protein (see appendix 2), we decided to use the company Genosphere 
Biotechnologies, to synthesize a Fizz 1 peptide and raise rabbit polyclonal serum against 
it. Following Holcomb et al.'s published protocol (Holcomb et al., 2000), we chose the 
N-terminal Fizzi peptide, conjugated with KLH, for immunisation. Using this approach, 
we obtained anti-Fizz 1 serum within 3 months and confirmed specific binding to the 
recombinant Fizz! we had produced. 
We obtained polyclonal serum to Ymi from Alan Wilson, York University. His lab 
originally identified Ymi by N-terminal sequencing of a prominent band in an SDS page 
gel analysis of bronchoalveolar lavage macrophages from a schistosome vaccination 
murine model (unpublished observation). lain Gallagher, a PhD student in the lab, tested 
the specificity of this serum by Western blot analysis of recombinant Ymi. rYm! was 
generated using the same bacterial expression system as for Fizzi (see appendix 2). 
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We looked for Fizzi and Ymi in the peritoneal lavage fluid of control (thioglycollate 
injected) or B. malayi implanted C57BL16 and IL-4 -I- mice by Western blot to assess 
whether protein expression reflected our mRNA findings (Fig. 3.6 A, B). As a control 
for specific binding of the antibodies, we used pre-immune serum from the rabbits 
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Fig. 3.6. Secretion of Fizz I and Ymi in the peritoneal cavity of B. malayi implanted mice is 
dependent on IL4 
Western blot analysis of the equal volumes of peritoneal lavage fluid from individual mice. C57BL/6 or 
IL-4-/- mice were infected i.p. with B. rnalayi (imp) or injected with thioglycollate (cont) and the 
peritoneal lavage fluid was analysed by Western blot with antibodies to Fizz I (A), Ymi (B) and control 
pre-immune serum (C). Recombinant Fizz I was used as a positive control for the Fizz! Western blot. 
Protein size was determined using a protein standards ladder (in kDa). This data is representative of 
several separate experiments. 
Different blocking agents were used because we found that milk interfered with the 
binding of the a-Fizzl, but not the ct-Yml during a Western blot optimisation 
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experiment using various dilutions of antiserum in different incubation buffers. The a-
Fizz 1 antibody showed more non-specific binding than the a-Yml antibody, perhaps 
due to the use of milk as a blocking agent for the Ymi but not for the Fizz 1 Western 
blot, where we used TBS-TweenlTriton X as antibody incubation buffer. In other Fizzi 
Western blots, we used bovine serum albumin as a blocking agent, which moderately 
reduced the non-specific binding. However, when compared to the pre-immune control, 
we could still see strong binding of the antibody to both the recombinant Fizz 1 (1 lkDa) 
and to Fizzi in the peritoneal lavage fluid (8kDa). The signal for the rFizzl was very 
strong, and we also observed higher molecular weight structures. Other reports have 
shown that Fizz 1 forms disulfide-linked homooligomers based on results from 
electrophoresis under reducing and non-reducing conditions (Blagoev et al., 2002). 
However, the samples were run under reducing conditions, and the molecular weights of 
the multiple bands do not follow the expected incremental increases (1 lkDa, 22kDa etc.) 
that would be indicative of oligomers of the recombinant protein. Alternatively, the 
recombinant protein may be bound to other bacterial proteins, resulting in higher 
molecular weight bands. 
The background staining with the a-Yml antibody was very low, and we could detect 
strong Ymi signal of the appropriate molecular weight (45kDa). However, a faint band 
was detected at around 50kDa in all the samples. This was probably the precursor Ymi 
protein from cells that may have lysed during the preparation of the supernatant. 
Alternatively, the additional band may result from possible cross-reactivity with the 
50kDa homologue of Yml, acidic mammalian chitinase (AMCase) (Boot et al., 2001). 
Although we could not detect AMCase in NeM4 by real-time RT-PCR, it may be 
produced by other cell types within the peritoneal cavity (see chapter 5 for further 
discussion of AMCase). 
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Western blot analysis showed secretion of Fizz 1 and Ymi in implanted wild-type 
C57BL/6 mice, but no expression, or only basal levels in IL-4 -I- and control mice. 
Although the Fizz! signal in one C57BL/6 implant sample appears quite faint, this is due 
to a problem with its separation by SDS-PAGE gel; the electrophoresis of this sample 
was not uniform in any of the blots, probably due to a salt concentration effect or 
genomic DNA contamination. 
Fizzi upregulation is more striking than Ymi as we detected signal only in C57 
implanted mice, in contrast to Ymi, where a basal level was detected in some naïve and 
IL-4 -I- mice. The expression of Fizz 1 may be more tightly regulated and have a greater 
requirement for Th2 cytokines than the expression of Ymi. Consistent with this, Ymi 
was less represented than Fizz! in the subtractive library designed to enrich for IL-4 
dependent genes in NeM, and Ym! transcripts were observed in the IL-4 -I- NeM 
EST library (Loke et al., 2002). Other signals can also induce Ym! expression such as 
the B. malayi secreted homologue of the macrophage migration inhibitory factor 
(Falcone et al., 2001). Although Fizz! was named for its presence in an inflammatory 
setting (found in inflammatory zone) (Holcomb et al., 2000), our data suggest that the 
induction of Fizz! is restricted to Th2 mediated inflammatory settings as it is not 
induced by thioglycollate injection which also induces inflammation and large 
recruitment of cells. 
3. Discussion 
The molecular approach we took to characterise NeM and look for IL-4 dependent 
genes allowed us to identify many genes, which had not previously been associated with 
macrophage function at the time of this study. This is probably due to the fact that 
macrophages activated by Th2 cytokines have not been as extensively studied as 
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'classically activated' macrophages. Importantly, our results strongly validated the 
approach of looking for gene expression profiles in vivo as we essentially identified a 
novel macrophage phenotype characterised by the high level expression of several 
genes; Fizzl,. SAA-3 and Ymi, whose function in macrophages needs further 
investigation. 
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3.1. Fizzl 
The subtractive library revealed the high representation of Fizzl. Fizz! was first 
reported as an abundantly secreted protein in the bronchoalveolar lavage fluid of an 
murine asthmatic model (Holcomb et al., 2000). It was the first identified member of a 
novel family of secreted proteins with a highly conserved cysteine signature motif (Fig. 
3.7). 
A 	 signal peptide 2  
mFizz 7/RELM-A M K I I C L I. I I I. I HtMjV P V N II T I K I I V 	K V K K I I T I
mRELM-G 	MX ITt LII I LI. 	 Py ILK 	 II 1 1 
mFizz2/RELM-B MX I ( I 	LV 	VPG 	 SI ELVD KIKEAL P 
mFizz3/Resistin M K I S 	1. 1 1 	1 V 	L 	 I 	A 0 KIt 	I 	 L F P N A I I. N 
hFizz2/RELM-B II 	S s C L i I I I. L 	 P C 	 S L 0 V MD t K I K D V L 	L F F srI11s 
hFizz3/Res,stin M K I I S I I. I. I L 	Si 	4 I 	K I Q I V 	L 	K A I S S I 
70 	 & 
mF,zz7/RELM-A KILl • i NV I 	RIASCP CM ATCCACGFACGSIIIIL 	IC C C 
mRELM-G 	kIfls CI SIT 	I.Rl ASCP CMI STGCACCYGtGSF RI TCHCQC 
	
mFizz2/RELM-B KT IS C SVTS CRIASCP CMVSTGC&(CV(.CGSWIIIRl 	~'CCIICQC mFizz3/Resist,n 	I C s 0 	 & N C K I A S C P GUS SflC U CUA C 1.5 5 I 	I 	H C 0 C
hF,zz2/RELM-B IS 	 $VS CR1 SCP GMASTGIACGYGCGSWOVL 	ICHCQC
hFizz3/Resistin Ic svr 	GIILATCP C AVTGL1flCf1ACGSWDVi1ITCHCQC\I. 








IID 1 A K C CJj 
XII) WtA SARCIIRL 
OWl ARCILLI 
OWl T A K I Cu LI 
% I 
cysteine signature motif: 







h Fizz 3/Re s I sti n 
Fig. 3.7. F1zzfRELM family of secreted proteins 
A. Aligned amino acid sequences from the inus inuscidus (m) and hoino sapiens (h) FizzJRELM 
family. Shading indicates amino acid identity of two or more family members. B. Phlogenetic 
analysis of the FizzIRELM proteins. % confidence was calculated using the bootstrap method 
(resulLs >70% shown). 
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Holcomb et al. observed Fizz 1 secretion in the inflamed pulmonary epithelium by 
pneumocytes but not alveolar macrophages. In vitro studies showed that Fizz 1 could 
inhibit the action of nerve growth factor (Holcomb et al., 2000). Teng et al. further 
showed a role for this protein as a mitogenic factor produced by pnuemocytes and 
involved in the increased arterial pressure and vascular resistance response to pulmonary 
hypoxia (Teng et al., 2003). 
Fizz! is also known as RELM-a (REsistin Like Molecule-a) by its homology to 
resistin/Fizz3 (Steppan et al., 2001). Resistin was discovered as a profoundly 
downregulated gene in adipocytes treated with the anti-diabetic thiazolidinediones 
(TZD) drugs (Steppan et al., 2001). In vitro studies showed that resistin inhibited the 
insulin-stimulated glucose uptake by adipocytes, leading to the hypothesis that resistin 
may link obesity to diabetes. 
Fizz1IRELM-a is also expressed in adipose tissue, where it inhibits adipocyte 
differentiation (Steppan et al., 2001; Blagoev et al., 2002). In addition to Fizz1IRELM-
a, we also identified the adipocyte differentiation-related protein (ADRP) in the 
subtractive library. The expression by NeM4 of genes associated with adipocyte function 
points to an intriguing similarity between these two cell types. There are many 
established links between macrophage and adipocyte function. For example, adipocytes 
show phagocytic capacity and can also generate reactive oxygen species as effectively as 
peritoneal macrophages (Cousin et al., 1999). Conversely, macrophages, through the 
expression of the scavenger receptor CD36, can take up oxidised low density 
lipoproteins (oxLDL) (Feng et al., 2000). This property has been associated with the 
formation of macrophage foam cells that are recruited to atherosclerotic plaques (Huh et 
al., 1996). The NeM EST library revealed the expression of scavenger receptor A. This 
receptor has been implicated in the uptake of oxidised LDL (Babaev et al., 2000), 
establishing yet another link between NeM and foam cells. Further, similarly to NeM4, 
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IL-4 has also been implicated in foam cell development (Glass et al., 2001; Lee et al., 
2001). Finally, both NeM4 and foamy macrophages are recruited and activated during a 
chronic inflammatory response established by the nematode parasite for NeM4, or the 
accumulation of lipoproteins for foamy macrophages. It remains to be established 
whether NeM are beneficial to the killing of the parasite and the resulting resolution of 
inflammation or, like foamy macrophages, exacerbate disease progression. 
Recently, an additional member of the Fizz/RELM family; RELM-?, has been identified 
(Gerstmayer et al., 2003). Gerstmayer et al. observed that RELM-y but not Fizzl was 
expressed in the bone marrow, leading them to hypothesize that RELM-y, but not Fizz 1, 
may play a cytokine role. As Fizzi and RELM-y are highly homologous (Fig. 3.6), our 
Fizzi PCR primers do not distinguish between both genes. However, both the 
subtractive library and NeM4 EST analyses showed that Fizz 1 was the unique transcript 
from the FizzIRELM family expressed by NeM (Loke et al., 2002). Thus, activation by 
Th2 cytokines may preferentially induce Fizz 1 expression. 
Our results, and other recently published data (Raes et al., 2002), show that Fizzi is 
additionally expressed in macrophages activated by Th2 cytokines. This array of 
biological properties and expression patterns suggests that Fizzl is highly pleiotropic in 
function. Further, the existence of a human homologue, which shares homology to both 
Fizzi and Fizz2 (Fig 3.7B) suggests the potential therapeutic relevance of further 
investigation of these genes. 
Results from the in vitro studies suggest a regulatory role for the Fizz/RELM family of 
proteins (Holcomb et al., 2000; Steppan etal., 2001). The inhibitory properties of Fizz! 
is consistent with the downmodulatory characteristics of NeM4 (Loke et al., 2000). The 
function of Fizz 1 in nematode infection needs to be addressed as it will not only allow 
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better characterisation of this novel protein, but will also increase our understanding of 
NeM function. 
3.2. SAA-3 
The other gene highlighted by the subtractive library analysis was SAA-3. Serum 
amyloid A proteins are type 1 acute phase proteins that are rapidly synthesized following 
acute inflammation as a result of increased transcription (Bing et al., 2000; Kluve-
Beckerman et al., 2001). Interestingly, SAA-3 can induce the expression of the matrix 
metalloproteinase collagenase, which is involved in tissue remodelling (Strissel et al., 
1997). SAA-3 may therefore contribute to the hypothesized function of AAM in the 
wound healing process by mediating extracellular matrix and collagen deposition (Hesse 
etal., 2001). 
The regulation of the mouse SAA-3 gene expression has been especially well studied. 
Although it is produced by macrophages in response to pro-inflammatory factors such as 
LPS, IL-i and IL-6 (Huang et al., 1999), SAA-3 is also induced by glucocorticoids and 
can be inhibited by IFN-y (Meek et al., 1992). Regulation of SAA-3 gene transcription 
involves the NFKB signalling pathway and C/EBP family of DNA binding proteins 
(Huang et al., 1994; Bing et al., 2000). Thus, the control of the induction of SAA-3 is 
complex, and can be mediated by several inflammatory signals, both classical and 
alternative. 
When we measured SAA-3 gene expression, we observed induction in response to B. 
malayi implant. However, induction of this gene was not consistently dependent on IL-4. 
In light of the complex regulation of SAA-3 gene expression, its induction in the 
absence of IL-4 may be mediated by very different signals, such as pro-inflammatory 
mediators, which are upregulated in IL-4 -I- NeM (Loke et al., 2002). As SAA-3 has a 
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very important function in inflammatory settings, it is not surprising that there are 
redundant signalling pathways controlling its expression. We did not pursue the 
investigation of 'SAA-3, as its expression was not consistently dependent on IL-4. 
However, the role of SAA-3 in the overall function of NeM4 warrants further 
consideration. 
3.3. YmI 
The high levels of Ymi secretion by NeM imply an important function in the immune 
response to nematode infection. Ymi is a member of a family of mammalian proteins 
that share homology to lower organism chitinases. Although two other Ym genes have 
been identified (Ym2/Ym3) the function and expression pattern of these genes is less 
well defined than Ymi (Jin et al., 1998). 
Ymi was first discovered as an eosinophil chemotactic factor secreted by CD8 T cells 
(Owhashi et al., 1998). Its capacity to bind chitin suggests that it may act as a defence 
mechanism against chitin-bearing pathogens, by mediating the recruitment of effector 
eosinophils. As synthesis of chitin in nematodes is restricted to egg shell formation, and 
possibly the pharyngeal tract (Harris et al., 2000), it is unlikely that the chitin-binding 
properties of Ymi would allow it to bind to the adult cuticle and mediate the killing of 
the parasite. However, it would be interesting to determine whether Ymi could to bind 
to other carbohydrates on the parasite cuticle. In the L. sigmodontis infection model, the 
dying worms are often encapsulated in granulomatous nodules, which may be a 
mechanism for the clearance of the parasite (Le Goff et al., 2002). Preliminary staining 
of granuloma sections for Ymi revealed its production by macrophages and neutrophils 
(Odile Bain, personal communication). To determine whether Ymi has a defensive role 
in nematode infection, we could perform antibody blocking experiments during infection 
with L. sigmodontis. In contrast to B. malayi, this filarial nematode can undergo its full 
IL-4 dependent genes 	 61 
Chapter 3 
life cycle in mice, and susceptibility/resistance patterns to the different stages of the 
parasite can be determined (Hoffmann et al., 2000). 
Ymi expression is limited to the haematopoietic system and the lung, where it may be 
expressed by alveolar macrophages (Hung et al., 2002), arguing for a role in the immune 
system. Macrophages seem to be the main Ymi expressing cell type, although 
expression in neutrophils has been reported (Harbord et al., 2002). Ymi may also 
mediate cell to cell and cell to matrix interactions in a manner similar to selectins, by its 
ability to bind heparin, a glycan abundant on the cell surface and the extracellular matrix 
(Sun et al., 2001). Finally, a role for Ymi in the deposition of extracellular matrix 
during the wound healing process has been suggested (Jin et al., 1998; Webb et al., 
2001). These functions may not be mutually exclusive, and the NeM secreted Ymi 
may bind to nematode parasites and mediate encapsulation in a. manner similar to the 
deposition of extracellular matrix during wound healing. 
One of the most striking observations regarding Ymi is its propensity to crystallize 
spontaneously, as seen in several pulmonary disease models. Interestingly, we did not 
observe crystal structures in the B. malayi infection model. The crystallization of Ymi 
may be site-specific and only occur in dysregulated Th2 pulmonary inflammation as is 
seen in mice overexpressing IL-4 in the lungs (Fred Finkelman, personal 
communication), in the lungs of a schistosome vaccination model (Alan Wilson, 
personal communication) and in various immunodeficient mouse models (Guo et al., 
2000; Harbord et al., 2002). 
3.4. Conclusion and future directions 
The molecular approach we took to screen for IL-4 dependent genes in NeM has 
allowed a more detailed characterisation of alternative activation of macrophages, and 
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additionally highlighted Fizz! and Ymi; two genes whose importance in Th2 activated 
macrophages is becoming increasingly established (Raes et al., 2002; Welch et al., 
2002). In this chapter, we showed IL-4 dependent secretion of Fizz! and Yml. One 
main focus of this thesis was investigating the importance of these genes in Th2 
mediated inflammation, as will be discussed later. 
Another aim of the lab was to screen for IL-4 dependent proteins expressed by NeM4, 
by exploiting the recent advances in proteomics technology (Pandey et al., 2000; 
Aebersold et al., 2003). During my PhD, I prepared highly purified populations of 
peritoneal macrophages that will be used for proteomics analysis as part of a 
collaboration with Alan Wilson. The results from this analysis will no doubt expand our 
knowledge of in vivo AAM and may allow us to elucidate the mechanism by which 
NeM suppress proliferation in a contact dependent manner. 
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Chapter 4 
What NeM features are directly mediated 
by IL-4? 
(published in part in Immunology Letters) 
1. Introduction 
NeM have a highly IL-4 dependent phenotype including suppression, downregulation 
of pro-inflammatory cytokines and the high level of expression of novel genes, and are 
therefore a good source of in vivo AAM (MacDonald et al., 1998; Loke et al., 2000; 
Loke et al.). 
In the previous chapter, we showed IL-4 dependent expression of Fizzi and Ymi, two 
genes that had not been associated with AAM4 at the time of this study. Fizz! and Yml 
have been identified in several non-helminth settings and particularly in association with 
the lung (Holcomb et al., 2000; Hung et al., 2002), suggesting that the NeM4 phenotype 
we have described may be characteristic of macrophages associated with Th2 chronic 
inflammation and not restricted to either nematode infection or the peritoneal cavity. We 
thus chose to investigate whether any of the IL-4 dependent features of NeMØ we 
identified in vivo could be replicated in vitro. In this chapter, we demonstrate that the 
NeMØ phenotype can be partly replicated in vitro, providing a powerful adjunct to in 
vivo studies for the elucidation of the function of these cells that are central players in 
many chronic inflammatory situations. Having shown that NeM4 share many 
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characteristics with in vitro AAM, we also wanted to see whether NeM4 were 
terminally differentiated, or whether their phenotype could be reversed by classical 
activation signals. In response to classical activation signals, NeM can alter their 
phenotype, suggesting a certain degree of flexibility of macrophages activated in vivo. 
2. Results 
2.1. lL-4 treatment of cultured macrophages can only partly 
replicate the suppressive phenotype of NeM 
We chose to determine whether the suppressive phenotype of NeM could be replicated 
by the in vitro generation of AAM by IL-4 treatment of thioglycollate elicited 
macrophages. Thus, we set up co-cultures of EL-4 thymoma cells with untreated, control 
macrophages, in vitro AAM4 or NeM, and measured EL-4 cell proliferation 48 hours 
later. When the EL-4 thymoma cells were cultured with in vitro AAM, their 
proliferation was reduced by 62% in comparison to co-culture with untreated 
macrophages. However, the suppression mediated by in vitro AAM4 was far less 
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Fig. 4.1. IL-4 treatment can replicate in part the suppressive phenotype of NeM. 
Thioglycollate- elicited macrophages untreated and treated with IL-4 (lOng/mi), and 
NeM4 were purified by adherence and co-cultured with the EL-4 thymoma cell line for 
72 hours and proliferation was measured by [3 1-1] thymidine incorporation. Error bars 
represent the SD from 4 replicate wells. 
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2.2. NeMO and IL-4 treated macrophages have distinct cell 
morphology 
Striking morphologic changes, including the spreading out and the tight adherence to the 
plate, have been reported when biogel elicited macrophages are adhered overnight in the 
presence of IL-4 (Stein et al., 1992). The effect of IL-4 on morphology is however 
strongly dependent on the type of macrophages used and how they are generated. Stein 
et at. for example observed no morphologic changes when thioglycollate elicited 
macrophages were treated with IL-4 as the untreated, control macrophages already 
adhered tightly to the plate (Stein et al., 1992). In order to further characterise the 
relationship between in vitro and in vivo derived AAM, we chose to compare the 
morphology of NeM4 with thioglycollate elicited macrophages treated with or without 
IL-4. 
40 
Fig. 4.2. In vitro and in vivo derived macrophages have different cell 
morphology. Phase contrast micrographs were taken of untreated thioglycollate-
elicited macrophages (A), thioglycollate elicited macrophages treated with IL-4 
(lOng/mI) for 20 hours (B), and NeM4. recovered 3 weeks post-implant and 
adhered overnight (C). 
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Consistent with Stein's report, IL-4 treatment for 20 hours did not noticeably change the 
morphology of the adhered thioglycollate elicited macrophages and the macrophages 
looked tightly adherent with spread-out processes (Fig. 4.2 A, B). To our surprise, 
NeM showed a distinct morphologic phenotype in comparison with the in vitro derived 
AAM. They were less adherent, and appeared more rounded, denser and less 
fibroblastic (Fig. 4.2C). 
2.3. Macrophage alternative activation marker Arginase I is 
induced by in vitro treatment with IL-4 and in NeM 
In chapter 3, we showed that NeM4 Argi expression in vivo is IL-4 dependent. Previous 
studies have shown that Argl is induced in in vitro AAM (Munder et al., 1998). We 
decided to compare Argl expression in IL-4 treated thioglycollate macrophages and 
NeM. We also tested the mouse macrophage cell line J774 to see whether this 
established cell line could be used as a source of AAM4. Quantification by real-time 
PCR showed that treatment of thioglycollate elicited BALB/c macrophages with IL-4 
resulted in a 7-fold increase in Argi expression (Fig. 4.3A). The up-regulation of Argi 
was quantitatively similar to the in vivo derived AAM4 (NeM). The murine 
macrophage tumour cell line J774 also followed the alternative activation pathway in 
response to IL-4 and Argi expression was upregulated 36-fold (Fig. 4.313). 
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Fig. 4.3. The marker for alternative activation Arginasel is induced in both in vitro and 
in vivo derived alternatively activated macrophages. 
Arginase I expression is shown in untreated, IL-4 (lOng/mi) treated thioglycollate elicited 
macrophages and NeMc (A) and untreated and IL-4 (lOng/mi) treated J774 macrophages (B). 
Expression levels were measured by real-time RT-PCR using standard curves of 5 dilutions 
of cDNA template, where the expression level of the IL-4 treated macrophages was arbitrarily 
set at 100. 
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2.4. Induction of Fizzi and Ymi expression in response to 
IL-4 
We have previously shown that Fizz! and Ymi are the two most abundantly expressed 
genes in the NeM4 (Falcone et al., 2001; Loke et al., 2002). We have also demonstrated 
a requirement for IL-4 in the in vivo induction of Fizz! but did not initially find Ymi to 
be IL-4 dependent (Falcone et al., 2001). Subsequent analysis by myself and others has 
found that Yml can be induced by both IL-4 and importantly IL-13 (Webb etal., 2001). 
We have shown that a homologue of the mammalian macrophage migration inhibitory 
factor (MIF) produced directly by the parasite can directly induce Ymi expression 
(Falcone et al., 2001). Thus, the lack of IL-4 dependence sometimes seen in our 
nematode implant model is likely due to the presence of IL-13 as well as the ability of 
the parasite to directly induce Ymi expression. 
As implant with B. malayi generates a strong Th2 response, we wanted to clarify the role 
of Th2 cytokines in the upregulation of these two novel genes. Direct induction of these 
genes in response to IL-4 in vitro would support the hypothesis that upregulation of 
Fizz! and Ymi can be mediated by the Th2 cytokine environment generated by the 
parasite rather than by direct effects of the parasite itself. We therefore chose to measure 
the expression of these two genes in IL-4 treated thioglycollate elicited and J774 
macrophages. 
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Fig. 4.4. Fizzl and Ymi induction in NeM$ can be replicated in part by in vitro treatment with tL4. 
Real-time RT-PCR analysis shows the increase in fluorescence intensity during amplification of Fizz I and 
fl-actin (A) and Ymi (C). Expression levels of Fizzl (B) and Ymi (D) in untreated, IL-4 (IOngiml) treated 
thioglycollate-elicited macrophages and NeM4 were measured by real-time RT-PCR using dilutions of 
positive control eDNA, and the IL-4 treated sample arbitrarily set at 100. The PCR samples were analysed 
on an agarose gel after the lightcycler run (E). These results are representative of several independent 
experiments. 
By real-time PCR we detected Fizz 1 in NeM4 at 25 amplification cycles, in IL-4 treated 
macrophages at 30 cycles and finally in untreated, control macrophages at 45 cycles 
(Fig. 4.4A). Using a standard curve of 5 dilutions of Fizzi cDNA template, we 
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quantified the expression levels of Fizz 1 (Fig. 4.413). In comparison to control 
macrophages we estimated a 400-fold upregulation of Fizz! in IL-4 treated macrophages 
and 4000-fold upregulation in NeM4. Using the same method, we estimated the 
upregulation of Ymi to be 2000-fold in IL-4 treated macrophages and 20,000 fold in 
NeM (Fig. 4.4C,D). The induction of both these genes by IL-4 confirmed their utility 
as molecular markers of AAM4. Though exposure to IL-4 induced Fizz! and Ymi gene 
expression both in vitro and in vivo, the upregulation of these genes was 10-fold higher 
in NeM4 than in in vitro derived AAM4. 
Because J774 macrophages expressed Arg 1, we considered the possibility these cells 
could be a convenient source of in vitro derived AAM4. However, we were unable to 
detect either Fizzi or Ymi expression in IL-4 treated J774 macrophages. We chose not 
to pursue the study of IL-4 treated J774 macrophages as they showed only limited ability 
to respond to IL-4 in comparison to thioglycollate elicited macrophages which were able 
at least in part to mimic the phenotype of NeM4. 
2.5. Induction of Fizzi and Ymi expression in NeM can also be 
replicated by treatment with IL-13 
The Th2 cytokine IL- 13 shares the same receptor as IL-4 and has been shown to mimic 
the activity of IL-4 including the induction in vitro of the AAM phenotype (Doyle et 
al., 1994). We chose to measure the upregulation of Fizzi and Ymi in response to IL-13 
and measure quantitatively the effects of this cytokine in comparison with IL-4. We 
showed by real-time PCR that IL-13 could upregulate both Fizzi and Ymi in 
thioglycollate elicited macrophages, though the upregulation was lower than treatment 
with IL-4 (Fig. 4.5 A, B). This would imply that the effect of IL-13 would not alone 
account for the 10-fold higher expression of these genes in NeM. In order to test the 
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possibility that IL-4 and IL-13 could act synergistically to give expression levels 
comparable to those observed in NeM4, we compared the effect of IL-4 alone to 
treatment with IL-4 and IL-13 and observed only moderate increase, or even a decrease 
in the case of Ymi, of gene expression when both cytokines acted together (Fig 4.5 C, 
D). 
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Fig. 4.5. IL-13 can also induce Fizz! and Ymi expression but to a lesser level 
than IL-4. 
Thioglycollate elicited macrophages were treated with IL-4 or IL- 13 (both at 1 Ong/ml) 
and recovered for real-time RT-PCR analysis of Fizz 1 and Ym 1 (A, B). The 
synergistic action of IL-4 and IL-13 was assessed by comparing IL-4 treatment alone 
with treatment with both cytokines (C, D). The cDNA samples were normalised for 
the housekeeping gene -actin and expression levels were measured from a standard 
of four dilutions of positive control cDNA (the sample with IL-4 treatment alone was 
arbitrarily set at 100). n.d. signifies not detected after 50 amplification cycles. 
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2.6. The NeM4 phenotype can be reversed by treatment with 
LPS and IFN-y 
Having shown that the phenotype of NeM4 was partly replicated by in vitro treatment 
with IL-4, we also wanted to investigate whether the NeM phenotype was irreversible, 
or whether treatment with "classical" activators could alter the NeM4 phenotype. This 
would imply that they were not terminally differentiated. We therefore treated NeM4 
overnight with LPS and IFN-y and looked for changes in both NeM function and gene 
expression (Fig. 4.6-7). These included their ability to suppress proliferation of the EL-4 
thymoma cell line and the expression of Argi, Fizzi and Ymi. We also measured nitric 
oxide production and the surface expression of MHC class II and co-stimulatory 
molecules B7. 1 and B7.2, as these would give indication of the macrophage activation 
status. As a control, we also treated thioglycollate elicited macrophages with LPS and 
IFN-y. 
Fig. 4.6. Effect of LPSILFN-y on the NeM4 
phenotype. 
Macrophages from C57BL/6 mice injected with 
thioglycollate (thio) or implanted with adult B. 
malayi (NeM4) were left untreated (UT) or 
treated with LPS/ IFN-y overnight, following 
which the supernatants were recovered for a nitric 
oxide assay (A) and the macrophages detached 
and assessed for proliferative suppression (B) and 
gene expression (C). 
(A) Nitric Oxide assay showing the mean and SD 
of 8 replicate wells (equal numbers of cultured 
macrophages were used per group). (B) 
Macrophages were co-cultured with the EL-4 
thymoma cell line for 48 h and proliferation was 
measured by [3H] thymidine incorporation. Error 
bars represent the SD from 4 replicate wells. (C) 
Argi, Fizzi and Ymi expression was measured 
by real-time RT-PCR (performed in duplicate) 
and the expression levels of LPS1IFN y-treated 
NeM4 were plotted as a percentage of UT NeMcI. 
Untreated or LPSIIFN 'y-treated thio macrophages 
showed none or basal levels of expression of these 
genes (data not shown). 	p<O.00I between UT 
and LPS/IFN-y group. It p.ozO.00I, j p<O.Ol 
between NeM4 and thio group. 
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We observed the significant upregulation of nitric oxide production in response to 
LPS/IFN-y in both thioglycollate elicited macrophages and NeM (Fig. 4.6A), 
confirming the successful classical activation of the macrophages. Surprisingly, the 
production of nitric oxide by LPS/IFN-? treated NeM4 was significantly greater 
(p<0.001) than by treated thioglycollate recruited macrophages. Thus, though untreated 
(UT) NeM4 show a biased production of Argi (see chapter 3), they are nevertheless still 
more responsive to classical activation signals than thioglycollate elcited macrophages. 
UT NeM4 showed proliferative suppression capacity in comparison to control 
thioglycollate elicited macrophages (Fig. 4.6B). LPS/IFN-y treatment of thioglycollate 
elicited macrophages induced a suppressive phenotype, with a significant reduction in 
EL-4 proliferation. Despite this reduction, EL-4 cell proliferation in the treated 
thioglycollate group was still significantly higher than with UT NeM4. The mechanism 
of suppression of the LPS/IFN-y treated thioglycollate macrophages is likely to be 
different from NeM and may be mediated by the high levels of nitric oxide produced 
(MacDonald, 1998; O'Connor et al., 2002). 
LPS/IFN-y treatment of NeM4 significantly reduced their suppressive effect although 
EL-4 cell proliferation was not as high as when co-cultured with UT thioglycollate 
macrophages. Though the LPS/IFN-y treated NeM were still suppressive, more 
experiments would be needed to determine whether this suppression was mediated by 
nitric oxide and/or the contact dependent mechanism by UT NeM4 (MacDonald, 1998). 
Treatment of the cultures with nitric oxide inhibitors such as L-canavanine would allow 
us to determine the effects of nitric oxide. 
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LPS/IFN-y treatment also altered NeM4 gene expression, with Argi expression being 
only 23% of the control UT NeM4 and Fizzi and Ymi expression 52% and 71% 
respectively (Fig. 4.6 Q. 
I ;------ io 	 10' 	i'o' i,° 	,i, 	jo' 	10' 	 10' 
-H 	 .,.-. 	 ru-H FL2  
Untreated 	LPS/ IFN' 	Untreated 	LPS/ IFN1 
Fig. 4.7. Effect of LPSIIFN-y on surface expression of MIHC Class II and co-stimulatory 
molecules. 
Surface analysis of (i) MHC Class II (ii) B7. 1 and (iii) B7.2 on control thioglycollate recruited 
macrophages and NeM4 untreated, or treated overnight with LPSIIFN-y. Flow cytometry graphs show 
% positively stained cells (bold line) and cells stained with the appropriate isotype control (dashed 
line). 
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We also looked at changes in surface expression of MHC class II, B7. 1 and B7.2 by 
flow cytometry (Fig. 4.7). Consistent with the 'partially activated' description of these 
cells (Hodge-Dufour et al., 1997), UT thioglycollate macrophages showed low surface 
expression of all three markers. Treatment of these macrophages with LPS/IFN-y 
resulted in an increase in percentage of positive cells and a shift in fluorescence. This 
was a useful positive control for the effect of LPS/IFN-y. In comparison to UT 
thioglycollate macrophages, UT NeM showed a higher percentage of positive cells for 
all three markers. Further, the shift in fluorescence when stained for B7 co-stimulatory 
molecules was greater in NeM. This indicates that NeM have a greater surface 
expression of these markers per cell than thioglycollate macrophages. This finding is 
consistent with the in vitro studies showing that AAM4 are efficient antigen presenting 
cells and are distinct from 'deactivated' macrophages, treated with IL-lO and 
glucocorticoids that downregulate these activation markers (Stein et al., 1992; Gordon, 
2003). Treatment of NeM with LPS/IFN-y resulted in an increased percentage of cells 
positive for all three markers. We also observed a pronounced shift in fluorescence when 
staining for B7.2, indicating that there was greater surface expression of this co-
stimulatory molecule on each cell. 
Classical activation signals can therefore alter the function and gene expression of 
NeM. The LPS/IFN-y treated NeM were in fact the most activated macrophage group, 
with the greatest expression of surface activation markers and the highest nitric oxide 
production. Thus, NeM are not terminally differentiated, despite their exposure to high 
levels of Th2 cytokines and glucocorticoids during nematode infection. 
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3. Discussion 
We have used NeM as a model for the study of alternative activation of macrophages in 
vivo, particularly in relation to macrophages activated in type 2 chronic inflammatory 
settings such as asthma or nematode infection. In this chapter, we chose to investigate 
which NeM4 features could be directly induced by IL-4 in vitro, and conversely whether 
the NeM phenotype represented a dead end, or could be altered by 'classical activation' 
signals. 
Treatment of thioglycollate elicited macrophages with IL-4 resulted in a moderate 
capacity to suppress proliferation of the EL-4 thymoma cell line, though suppression 
was more profound with NeM. The suppressive ability of macrophages activated under 
Th2 cytokine conditions has been observed before. Schebesch et al. showed that the 
activation of human macrophages in culture with IL-4 conferred the capacity to suppress 
proliferation of PHA or ConA-stimulated CD4 T cells (Schebesch et al., 1997). In both 
the in vivo derived NeM and the in vitro derived human AAM, suppression is not 
mediated by IL- 10, prostaglandins or nitric oxide, and is not due to the lack of co-
stimulatory molecules (Allen et al., 1996; Schebesch et al., 1997; MacDonald et al., 
1998). Despite these similarities, we do not currently know whether the mechanism of 
suppression is identical in NeM and in in vitro derived human or mouse AAM$. The 
main component of suppression in NeM is contact dependent (Loke et al., 2000) 
although there may also be a secreted component that contributes to the suppression. In 
this chapter, the absence of suppression as profound as that seen with NeM suggests 
that the contact dependent suppression may not be fully replicated by in vitro derived 
AAM. We observed a striking difference in cellular morphology of in vitro AAM4 and 
NeM4. The rounded, ball-like shape of NeM4 was intriguingly similar to the phenotype 
of macrophages under the influence of glucocorticoids, suggesting that the 
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differentiation of NeM4 is complex and influenced by more factors than IL-4 alone 
(Giles et al., 2001) (discussed in chapter 7). Both the differences in cell morphology and 
suppressive capacity suggest that NeM have a distinct phenotype and function that can 
only be partly replicated by in vitro treatment with IL-4. 
Interstitial macrophages in the lung can also prevent cellular proliferation in a contact 
dependent manner (Lee et al., 1999). The mechanism of suppression bears striking 
similarity to the IL-4 dependent mechanism we have described for NeM. This 
emphasises the link with lung inflammation suggested by the high expression of Fizz 1 
and Ymi in NeM (Loke et al., 2002); two genes that are highly expressed in the 
context of chronic lung disease (Guo et al., 2000; Holcomb et al., 2000). 
In addition to the induction of Argi in response to IL-4, we also observed that Fizz 1 and 
Ymi expression was directly responsive to IL-4. However, the nature of the signalling 
pathway controlling the expression of each gene may differ. The upregulation of all 
three genes has been shown to be dependent on STAT6 (Rutschman et al., 2001; Welch 
et al., 2002; Stutz et al., 2003). STAT6 belongs to the signal transduction and activators 
of transcription (STAT) family of transcription factors that are important mediators of 
cytokine signalling (Levy et al., 2002). Ligation of the IL-4 receptor with IL-4 or IL-13 
triggers the activation of downstream components of the cytokine signalling pathway, 
including the activation and dimerisation of STAT6. Following dimerisation, STAT6 
will localise to the nucleus where it will activate the transcription of genes with STAT6 
responsive elements in their promoter regions. STAT6 responsive motifs have been 
found in the promoter regions of Fizz 1 and Ym 1, suggesting direct regulation of gene 
expression by this transcription factor (Welch et al., 2002; Stutz et al., 2003). In 
contrast, the control of Argi expression by STAT6 is likely to be indirect through the 
synthesis of intermediate proteins downstream of the STAT6 signalling pathway 
(Rutschman et al., 2001). Analysis of the promoter regions of Argi and Fizzi has also 
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revealed binding sites for the CCATfEnhancer Binding Protein family of DNA binding 
proteins, which may induce gene expression independently, or together with STAT6 
(Delphin et al., 1995). 
The levels of Fizzi and Ymi expression were quantitatively lower in in vitro derived 
AAM. There are many differences between in vitro and in vivo generation of AAM4 
that could account for the higher expression of Fizzi and Ymi in NeM. As IL-13 is a 
Th2 cytokine that acts through the STAT6 signalling pathway (Hou et al., 1994), we 
addressed the possibility that IL-13 could also contribute to the higher levels of Fizz! 
and Ymi in in vivo AAM. When comparing expression levels of IL-4 treated 
macrophages to macrophages treated with both IL-4 and IL-13, we observed that 
additional treatment with IL-13 only marginally increased Fizzi expression and even 
decreased Ymi expression. The decreased Ymi expression may have been due to 
negative feedback mechanisms of the STAT6 signalling pathway (Krebs et al., 2001). 
Higher expression of Fizzi and Ymi in NeM could also result from both direct and 
indirect effects of parasite factors. For example, previous work in our lab has shown that 
the B. malayi secreted homologue of the macrophage migration inhibitory factor (MIF) 
can directly induce the expression of Ymi (Falcone et al., 2001). The time frame and 
cellular context for the differentiation of the macrophages are also considerably different 
between in vitro and in vivo AAM. NeM4 are recruited and differentiated over 3-4 
weeks in a chronic inflammatory setting in contrast to the 20 hour in vitro treatment with 
IL-4. Finally, many other factors, such as other cytokines or hormones could have a 
direct or indirect effect on Fizzi and Ymi expression. More detailed studies of the 
factors controlling the expression of these genes would allow a better understanding of 
their different expression levels in in vitro and in vivo AAM. 
While this study was ongoing, two reports were published that described macrophages 
with alternatively activated features in the later stages of a chronic parasite infection 
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(Raes et al., 2001; Rodriguez-Sosa et al., 2002). In both these reports, the phenotype of 
the macrophages changed over time, as the disease state became progressively more 
"Th2" -like; emphasizing both the plasticity of macrophages and the complexity of 
defining macrophage function in vivo. In one study, Raes et al. also reported expression 
of Fizz 1 and Ymi in macrophages recruited during the chronic stages of infection in a 
murine model for trypanosomiasis (Raes et al., 2001). Consistent with our findings, they 
demonstrated by conventional RT-PCR that these genes were induced by in vitro 
treatment with IL-4 and IL-13, indicating the importance of Fizz 1 and Ymi as molecular 
markers of AAM recruited during chronic Th2 inflammation. Our data confirms this 
report and further shows the quantitative differences between in vitro and in vivo derived 
AAM. In addition, we observed that the tumour macrophage cell line J774, when 
treated with IL-4, upregulated Argi but not Fizzi or Ymi expression, probably due to 
the lower plasticity or the potential loss of chromosomes from this transformed cell line. 
This suggests that Argi may be a more general marker for activation by IL-4 whereas 
Fizz 1 and Ymi may be indicative of a distinct inflammatory phenotype. 
In vitro models are experimentally easier and often give more consistent results than in 
vivo studies. However it is important to consider the physiological significance of in 
vitro data and how applicable it is in vivo. In vivo, type 2 cytokines will be acting in 
concert with other mediators such as glucocorticoids and these factors will be acting at 
different points in the inflammatory process. 
Although NeM differentiation occurs in a very complex, chronic inflammatory setting, 
we were able to reverse the NeM phenotype by classical activation signals, implying 
that NeM4 function and gene expression profile are not fixed. Treatment of NeM with 
LPS/IFN-y resulted in the production of nitric oxide at a significantly higher level than 
in treated thioglycollate macrophages. The increase in nitric oxide production was 
accompanied by a decrease in Argi, consistent with reports showing that Argi 
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expression was inhibited by IFN-? (Hesse et al., 2001). Argi is the counterpart of 
inducible nitric oxide synthase (iNOS), which mediates the classical pathway of 
inflammatory macrophages, catalysing the conversion of L-arginine to nitric oxide 
(Modolell et al., 1995). Argi competes with iNOS and mediates the alternative 
metabolic pathway of L-arginine to L-ornithine and urea (Rutschman et al. 2001). The 
reduction in Argi expression may have contributed to the high levels of nitric oxide 
produced by the LPS/IFN-y treated NeM. 
Many studies in vitro show that nitric oxide production is suppressed by pre-treatment 
with IL-4 (Erwig et al., 1998; Rutschman et al., 2001). Rutschman et al. showed that 
this effect was due to the depletion of the substrate (L-arginine) by Arg 1, and addition of 
exogenous substrate restored the nitric oxide production. Since the inhibition was due to 
competition for the limiting substrate, this effect was highly dependent on cell density; at 
low cell numbers, inhibition of nitric oxide production was not observed. The fact that 
we did not observe inhibition of nitric oxide production in LPS/IFN-? treated NeM may 
have been due to a cell density effect. A titration of cell concentrations for the nitric 
oxide assay would allow us to determine whether NeM show similar inhibition of nitric 
oxide production as in vitro AAM4. Finally, the use of NeM generated from IL-4 -I-
mice would have allowed us to distinguish the specific effects of IL-4 from the other 
factors induced by the filarial infection. 
Our observation that the responsiveness of NeM to LPS/IFN-y is enhanced in 
comparison to thioglycollate elicited macrophages reflects many studies showing that 
treatment of macrophages with IL-4 can enhance the responsiveness of macrophages to 
classical activation stimuli. For example, Major et al. observed increased production of 
the pro-inflammatory cytokine TNF-a and IL-la and the chemokine MIP-2 in 
macrophages treated with IL-4, followed by stimulation with LPS. However, the 
production of IL-2 and IL-12p40 in response to LPS was inhibited by IL-4 pre-treatment 
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(Major et al., 2002). Similarly, immature dendritic cells that develop in response to IL-4 
and GM-CSF show enhanced APC function and production of pro-inflammatory 
cytokines in response to LPS (Kalinski et al., 2000). 
In addition to IL-4/IL-13, the chronic inflammatory environment established by the 
filarial infection will also result in the exposure of NeM to anti-inflammatory signals 
such as IL-10 and glucocorticoids. Lang et al. showed suppressed LPS-stimulated 
production of TNF-a and IL-12 and impaired ability to control mycobacterial infection 
in transgenic macrophages overexpressing IL-b (Lang et al., 2002). Our study showed 
that NeM differ from these 'chronically deactivated' macrophages in their ability to 
respond to classical activation stimuli. The different phenotype of NeM is probably due 
to their differentiation in response to a variety of cytokines and parasite factors, in 
contrast to experiments where the effects of individual cytokines are assessed. Studies 
involving treatment of macrophages with the filarial secreted product E562 showed that 
this glycoprotein altered the macrophage responsiveness to LPS/IFN-y, in particular the 
production of IL-12 and pro-inflammatory cytokines, whilst NO production was not 
affected (Goodridge et al., 2001). It would be interesting to study the cytokine 
production of LPS/IFN-y treated NeM4 to see if they showed a similar phenotype to 
ES62 treated macrophages. 
The plasticity of macrophages activated in vivo may have considerable advantages for 
the immune system as their function can be altered upon infection with other pathogens 
that may require a different type of immune response, such as the intracellular pathogen 
Leishmania, where the production of nitric oxide is necessary for resistance (Hsieh et al., 
1995; Reiner et al., 1995). 
In this chapter, we investigated which NeM characteristics were directly induced by IL- 
4. Our results show that IL-4 is a main driving factor in NeM differentiation and many 
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characteristics, such as proliferative suppression and gene expression can be partly 
replicated by in vitro treatment of macrophages with IL-4. However, the cell 
morphology of NeM differs from IL-4 treated macrophages, implying that other 
factors, generated by the parasite or the host, influence the NeM4 phenotype. Finally, 
NeM are not terminally differentiated and can respond to classical activation signals 
such as LPS and IFN-y. 
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Chapter 5 
Fizz and chitinase family members are 
characteristic of nematode infection with specific 
Fizzi and Ymi induction in antigen presenting 
cells of the lymph nodes 
1. Introduction 
The molecular approach chosen to identify the genes that defined the NeM4 
phenotype revealed the abundant expression of Fizzi and Ymi. In the previous two 
chapters we showed that the expression and secretion of these proteins in the B. 
malayi implant model is dependent on IL-4. Additionally, Fizzi and Ymi are 
directly induced by Th2 cytokines, suggesting they are not restricted to nematode 
infection but may play important roles in all Th2-mediated inflammatory diseases. 
Having identified these genes in a B. malayi infection model, we wanted to see if 
Fizzi and Ymi expression would be induced in other nematode infection models, 
and at sites of infection other than the peritoneal cavity. Both genes have a broad 
expression pattern and are expressed by many cell types, thus we also wanted to 
determine whether expression was restricted to the macrophage population. 
In this chapter, we show that Fizzi and Ymi are consistent features of nematode 
infection and are highly upregulated at the sites of parasite migration and residence 
during chronic infection with the filarial nematode Litomosoides sigmodontis, and acute 
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infection with the gastrointestinal nematode Nippostrongylus brasiliensis. When looking 
at expression of other members of the Fizz and Ym families, we also observed induction 
of the homologous genes Fizz 2 and AMCase at these sites, although they followed a 
distinct gene expression pattern from Fizzi and Ymi. Interestingly, Fizzi and Ymi 
expression was also induced in the lymph nodes (LN) draining the site of infection with 
filarial nematodes B. malayi and L. sigmodontis, and expression was limited to the 
antigen presenting cell (APC) population. This data suggests that Fizz proteins and 
chitinases have a wide range of functions during Th2 polarised immune responses that 
may include both effector and regulatory roles. 
2. Results 
2.1. Fizzl and Ymi are induced at the site of parasite migration 
and residence of the filarial nematode Litomosoides 
sigmodon tis 
We have previously shown Fizz 1 and Ymi expression by NeM4i recruited to the 
peritoneal cavity in response to B. malayi implant. We wanted to investigate whether 
these genes were induced by filarial infection in a more natural setting, using a model 
system in which the full life cycle of the parasite could take place. We thus examined 
their expression during infection with the rodent filarial nematode L. sigmodontis. 
Although we previously investigated NeMO in C57BL/6 mice, we chose to use the 
BALB/c mouse strain for this infection model, as it is a fully permissive host and the 
parasite can undergo its full life cycle. In BALB/c mice, the larvae, injected 
subcutaneously, migrate via the lymphatics to the thoracic cavity where they develop 
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into adults and by 2 months post infection release microfilariae, which circulate in the 
bloodstream (Hoffmann et al., 2000). 
At 60 days post infection, we obtained thoracic lavage cells as well as the parathymic 
and mediastinal LN, through which the larvae migrate before establishing infection in 
the thoracic cavity (0 Bain, personal communication). Using real-time RT-PCR we 
measured the induction of Fizz! and Ymi and found both these genes highly 
upregulated at the site of infection. Expression levels of Fizz! and Ymi in the LN were 
significantly elevated upon infection, although not to the same extent as in thoracic 
lavage cells from infected mice (Fig. 5.1 A, B). 
A. Fizzi 	 B.Yml 
1000 	 1000- 
Z 100 	 100- 	
—r 
	
10 	 _ 
0.11 	 0.1• 
naïve 	infected naïve 	infected 	 naïve 	infected 	naïve 	infected 
Thoracic Lavage 	Lymph nodes 	 Thoracic Lavage 	Lymph nodes 
Fig. 5.1. Fizzi and Ymi are induced in response to the chronic infection with filarial nematode 
L. sigmodontis in both the site of infection and draining lymphatics. 
Real-time RT-PCR quantification of Fizz 1 and Ymi expression in the thoracic lavage and the draining 
lymph node cells, 60 days post infection with L. sigmodontis (A, B). Expression is shown as a 
percentage of pooled B. malayi NeM4 cDNA. In all groups, the p value between the naïve and 
infected was <0.05 using the student t test, ±.SD from groups of 5 mice. This data is representative of 
two separate experiments. 
The expression level of both Fizzi and Ymi in the thoracic lavage cells was comparable 
to expression in B. malayi NeM. This was not surprising as infection with L. 
sigmodontis results in a type 2 chronic inflammatory environment similar to that induced 
in response to B. malayi implant and in both settings macrophages are one of the main 
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cell types recruited to the site of infection (Falcone et al., 2001; MacDonald et al., 2003; 
Volkmann et al., 2001). The high Fizz! and Ymi expression in these settings supports 
the studies of Raes et al. (Raes et al., 2002), which argue for the expression of these 
genes during the chronic stages of an immune response. 
The significant upregulation of Fizz! and Ymi in the LN was more surprising. Although 
the expression levels in the LN cells were ten-fold less than in the thoracic lavage cells, 
the upregulation of Fizz! and Ymi expression in the LN could not be easily accounted 
for by macrophages, only present in very low numbers in the LN. This suggested that 
other immune cells might express Fizz 1 and Ymi. The induction of gene expression 
may have resulted from the direct response to the parasite's entry into the lymphatics. 
Alternatively, as the LN drain the thoracic cavity, the cell types expressing Fizz 1 and 
Ym! may have originated from the infection site. 
2.2. Fizzl, Fizz2, Ymi and AMCase are induced at the sites of 
infection with the gastrointestinal nematode Nippostrongylus 
bra siiensis 
(performed with the help of lain Gallagher) 
As Fizz! and Ymi both seem to be highly responsive to infection with filarial 
nematodes, we chose to investigate whether induction of these genes was a general 
characteristic of nematode infection by looking at a gastrointestinal infection model 
using N. brasiliensis. The larval stage of this nematode, when injected subcutaneously, 
migrates rapidly to the lungs and within 48 hours has left the lungs to establish infection 
in the small intestine. Here, the parasites mature, mate and produce eggs. The parasite is 
expelled from the gut within 10 days (Lawrence et al., 1996). 
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This model allowed us to examine the expression of Fizz! and Ymi in two different 
tissues exposed to the same parasite and also provided an acute nematode infection 
model in contrast to the chronic infection with B. malayi and L. sigmodontis. We 
measured gene expression in both the lungs and small intestine at 6 days post infection, 
by which time-point the parasite has completed its full life cycle (Urban et al., 1993). 
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Fig. 5.2. Infection with N. brasiliensis upregulates expression of Fizz and chitinases in 
multiple tissues. 
Real-time RT-PCR quantification of Fizzi and Fizz2 (A), and Ymi and AMCase (B) in the 
lung and gut tissue of naïve and mice infected with N. brasiliensis for 6 days. Expression 
was arbitrarily determined as a % of the highest expressing sample. Error bars represent the 
SD from groups of 5 individual mice (n.d. not detected after 50 amplification cycles). 
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Fizz 1 expression had not been reported previously in the gastrointestinal region where 
preferential expression of the homologous gene Fizz2 had been reported (Holcomb et al., 
2000; Steppan et al., 2001). Thus, we also measured expression of Fizz2 in the infected 
tissue. Both Fizz 1 & Fizz2 were induced in the lungs and small intestine of infected 
mice. Interestingly the relative levels of Fizz 1 and Fizz 2 in the different infection sites 
showed a reciprocal pattern; Fizzi expression was highest in the lung whereas Fizz2 
expression was preferentially expressed in the gut (Fig. 5.2A). 
We also observed high levels of Ymi in both the lung and gut of N. brasiliensis infected 
mice (Fig. 5.2B). As Ymi expression had not previously been reported in the small 
intestine, we were surprised to find that Yml induction in the small intestine was 
comparable to the lungs. However, most studies on the expression pattern of Ymi 
investigated gene expression in uninfected tissue. The high Th2 environment induced by 
N. brasiliensis may cause the recruitment of Ymi-expressing immune cells to the 
inflamed tissue. 
By sequence identity, the closest human homologue to Ymi is the recently described 
acidic mammalian chitinase (AMCase) (Boot et al., 2001). However, as a murine 
AMCase exists, the relationship between Ymi and AMCase in mice is unclear. To help 
define this relationship, we also analysed the expression of the murine AMCase in this 
infection model. AMCase followed a stricter expression pattern and was uniquely 
detected in the lungs (Fig. 5.2B). AMCase was upregulated in response to infection, 
suggesting a broader function for this gene than the suggested housekeeping role in 
digestion (Boot et al., 2001). The induction of two distinct chitinases following the rapid 
migration of a nematode parasite through the lungs suggest that this family of molecules 
must have important but as of yet unidentified roles to play in lung physiology. 
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2.3. Fizzl and Ymi are induced in macrophages, dendritic cells 
and B cells in response to IL-4 but not in helper T cells 
(performed with the help of lain Gallagher) 
We initially identified Fizz 1 and Ym 1 as highly expressed genes in NeM4 (chapter 3). 
However, our finding that they were also induced in the draining LN, lungs and small 
intestine in various nematode infection models suggested that cell types other than 
macrophages may also express these genes. 
As Fizz 1 and Ymi were expressed in the LN during infection with L. sigmodontis, we 
focused on cells of the immune system, where expression of these genes had not 
previously been examined. With this in mind we chose to measure Fizzi and Yml 
expression in bone marrow derived (BM) dendritic cells (DC) (Fig. 5.3A), macrophages 
(M) (Fig. 5.313) and B and T lymphocytes (Fig. 5.3C) activated in a Th2 polarised 
manner. 
In the resting / naïve state all cell types showed none or basal expression of the genes 
examined. Activation with IL-4 induced expression of Fizz! and Ymi in B cells, BM-
DC and BM-M although the expression levels were less than that seen in vivo with B. 
malayi NeM4. We did not observe induction of Fizz 1 and Ymi in Thl polarised T cells 
nor in the resting or activated Th2 T cell clone D!O.G4 despite the high production of 
IL-4 from this cell line (MacDonald et al., 1998). Therefore, Fizzi and Ymi appear to 
be expressed specifically by the antigen presenting cell (APC) population activated 
under Th2 conditions. 
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Fig. 5.3. Fizzi and Ymi expression is induced in Th2-activated dendritic cells (A), 
macrophages (B) and B cells, but not in T helper cells (C). 
Bone marrow derived M4, DC and purified splenic B cells were left untreated (UT) or 
treated with IL-4 overnight. Resting Th2 cells(rest.) and activated with specific antigen 
(conalbumin) for 3 days (act.) were obtained for expression analysis. Thi polarised T cells 
were obtained by activation with immunogenic peptide over 3 weeks. The expression of 
Fizz 1 and Ymi were measured by real-time RT-PCR according to a standard curve of 
positive control B. malayi NeM4 cDNA. Data (mean of replicate samples) are 
representative of two separate experiments. (n.d. not detected at 50 amplification cycles). 
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2.4. Fizzl and Ymi expression in the draining LN is limited to 
the APC population 
Since we observed that immune cells other than macrophages expressed Fizz 1 and Ymi 
when activated by IL-4 in vitro, we wanted to ask if this was physiologically relevant in 
vivo. We chose to look at gene expression in the draining LN of our original, well-
established B. malayi implant model where the adult parasite is inoculated directly into 
the peritoneal cavity. Thus, unlike the L. sigmodontis model, the lymphatics do not 
represent a site of parasite migration. Both Fizz! and Ymi were induced during 
infection in contrast to LN from control, thioglycollate injected mice where no Fizz 1 and 
basal Ymi expression was observed (data not shown). 
Analysis by flow cytometry showed that the proportion of cell types present in the 
draining LN of B. malayi implanted mice was as follows: B cells (60.6%), CD4 T cells 
(18%), CD8 T cells (17%), dendritic cells (4%) and macrophages (0.4%). The low 
representation of macrophages in the LN implied that macrophages were not the main 
Fizz 1 and Yml expressing cell type in the LN. 
Using positive magnetic bead selection, we purified the different cell populations from 
the draining LN cells of B. malayi implanted mice and looked for Fizzi and Ymi 
expression by real-time RT-PCR. For the B cells, CD4 and CD8 T cells, the purification 
yielded over 90% purity. In the case of the macrophages and dendritic cells, which are 
the least represented cell type in the lymph nodes, we enriched for 13% macrophages 
and 45% dendritic cells from starting populations of 0.4% and 4% respectively. In all 
cell preparations other than the macrophage purification, we ensured that there was no 
macrophage contamination by staining for 1 74/80 (data not shown). 
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Fig. 5.4. Fizz! and Ymi are expressed in vivo in antigen presenting cells but not T 
lymphocytes. 
Purified cell populations from the pooled draining lymph nodes of B. malayi implanted mice 
were measured for Fizz 1 (A) and Ymi (B) by real-time RT-PCR. Expression levels of each 
sample are shown as a percentage of LN macrophages. This data (mean of replicate samples) 
is representative of two separate experiments. 
In support of the in vitro data, Fizzi and Ymi were expressed in B cells, macrophages 
and dendritic cells but not CD4+ and CD8+ T cells where expression was basal (Fig. 
5.4). We were surprised to see only basal Ymi expression in CD8+ T cells, where this 
gene was first identified (Owhashi et al., 1998). Macrophages were still the highest 
expressing cell type, and Fizzi and Yml expression was over 70-fold higher than the 
whole LN population (data not shown). B cells were the second highest expressing cell 
type and dendritic cells expressed moderate levels of Fizz 1 and Ymi. 
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3. Discussion 
The potential importance of Fizz! and Ym! in Th2 mediated immune responses in mice 
was first highlighted by our finding that they are abundantly expressed in macrophages 
recruited to the site of chronic B. malayi infection and data from others showing 
expression during chronic trypanosomiasis (Raes et al., 2002); both profound Th2 
environments. Results from this chapter suggest that these proteins have a broader range 
of function than may previously have been appreciated. First, they are produced not 
only during chronic infection but also in an acute setting. Second, they are produced in a 
wide range of tissues, appearing to be a necessary response to nematodes during either 
migration or residence. Third, they are produced in the draining lymph nodes, 
dramatically expanding their potential functions. Our finding that AMCase is produced 
in the lung in conjunction with Ymi additionally suggests that the production of 
chitinases is a characteristic feature of Th2 mediated responses in the lung. 
The constant exposure of the lung to chitin-bearing organisms such as fungi highlights 
the potential importance of chitinases as a first line of innate defence. However, the lack 
of functional chitinase activity argues against a direct effector response for Ym 1. 
Harbord et al. demonstrated that Ymi showed 3-N-glucosaminidase activity. As chitin 
can be degraded by a combination of a chitinase and a 3-N-glucosaminidase activity, 
Ymi may still have a role in the digestion chitin-rich fungal spores (Harbord et al., 
2002). On the other hand, AMCase has functional chitinase activity, and the fact that it is 
most highly expressed in the stomach of naïve mice has led to its proposed role in the 
breakdown of ingested chitins (Boot et al., 2001). This is the first report of the 
upregulation of AMCase in response to infection, arguing for an additional role in the 
defence against lung invading pathogens. 
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During N. brasiliensis infection, Ymi was induced to the same level in both the lungs 
and small intestine, but AMCase was uniquely expressed in the lungs. In contrast to the 
lungs, the small intestine is protected against exposure to external organisms by the 
upper gastrointestinal tract. There may be no requirement for AMCase expression in the 
small intestine as it is highly expressed in the stomach and salivary glands. 
Alternatively, the restriction of AMCase expression to the lung in N. brasiliensis 
infection may be explained by the different exposure to the parasite in each tissue. In the 
lungs, trauma results from the migration of the parasite through the tissue; in the small 
intestine, only surface colonisation occurs (Finkelman et al., 1997; Ogilvie and Jones, 
1971). Differences may also reflect the cell types expressing AMCase, which have not 
yet been determined. We do not observe AMCase expression in NeM4 (data not shown) 
suggesting that the expression profile of this gene is significantly different from that of 
Ymi, where expression may be limited to the cells of the immune system (Falcone et al., 
2001; Harbord et al., 2002; Hung et al., 2002; Welch et al., 2002). AMCase may be 
expressed by resident cells in the lung for an immediate defence response to injury, 
while Ym 1 may be expressed by cells recruited to the inflammatory site. 
In a Trichinella spiralis infection model, Chang et al. reported that Ymi was only 
expressed transiently (Chang et al., 2001), whereas here we show Yml expression 
during both acute and chronic nematode infections. Consistent with the hypothesis that 
the Ymi expression profile reflects the recruitment of inflammatory cells, in the T. 
spiralis infection model the transient expression of Ymi mirrors the narrow time frame 
of cell recruitment to the peritoneal cavity. In L. sigmodontis and B. malayi infection 
however, a chronic inflammation is established, resulting in a persistent cellular 
infiltrate. 
The function of Ymi at the site of infection may be to mediate killing of the parasite 
through the recruitment of eosinophils. However, in the case of adult filarial nematodes 
in our model systems, this appears ineffective as the parasites survive for weeks in the 
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body cavities where Ymi is released at high levels (Allen et al., 1996; Le Goff et al., 
2002). In the N. brasiliensis infection model, we also observed Ymi induction as early 
as 24 hours in the lungs and as late as 15 days in both the lungs and small intestine, by 
which time-point the parasite has been expelled (data not shown). The postulated 
function of Ymi in mediating extracellular matrix deposition and tissue repair (Jin et al., 
1998; Webb et al., 2001) may explain Ymi expression several days after the expulsion 
of the parasite, where it may be required for wound healing. 
Acute infection with N. brasiliensis also induced Fizzi expression at both sites of 
infection; the lungs and the small intestine. Its expression was highest in lung tissue, 
consistent with published reports on the expression pattern of this gene (Holcomb et al., 
2000). The homologous gene Fizz2 followed a reciprocal expression pattern to Fizzi, 
with the highest level of expression observed in the small intestine of infected mice. 
Despite great sequence similarity between Fizz! and Fizz2, there are several important 
differences between these two genes. Firstly, these genes appear to be regulated 
differently; Fizz 1 is directly regulated through an IL-4/IL-13 STAT6 driven mechanism, 
whereas the involvement of these cytokines in Fizz2 regulation may be indirect (Stutz et 
al., 2003). Both proteins also show different oligomerisation patterns, implying distinct 
receptors for both secreted proteins (Banerjee and Lazar, 2001; Blagoev et al., 2002). 
Finally, both genes show different tissue distribution and may be expressed by different 
cell types. Although we showed upregulation of Fizzi in Th2-cytokine activated 
myeloid cells and B cells, we could not detect Fizz2 in any of the immune cell types 
investigated (data not shown). In support of our data, Stutz et al. could detect Fizzl but 
not Fizz2 expression in a myeloid cell line treated with Th2 cytokines (Stutz et al., 
2003). Although Fizz 1 is expressed by a range of cell types including immune cells (our 
data), adipocytes (Steppan et al., 2001), and epithelial cells (Holcomb et al., 2000), the 
only Fizz2-expressing cell types identified are the epithelial cells lining the small 
intestine (Holcomb et al., 2000; Steppan et al., 2001). Intriguingly, a human protein that 
has homology to both Fizzi and Fizz2 exists (see chapter 3, Fig. 3.6). It would be 
Strain-specific dzffererces in IL-4 -I- mice 	 96 
Chapter 5 
interesting to investigate whether the expression pattern of this human homologue was 
similar to both murine Fizz 1 and Fizz2. 
In vitro studies of Fizzl have implicated this protein in inhibiting the action of nerve 
growth factor (NGF) (Holcomb et al., 2000) as well as the differentiation of adipocytes 
(Blagoev et al., 2002). As a neurotropin, NGF exerts an important role in the 
development and function of the nervous system. However, NGF has also been 
implicated more specifically in influencing Th2-driven immune responses, such as that 
observed in asthma, where the analogy between NGF and a Th2 cytokine has been made 
(Bonini eLl2003). In patients with allergic disease, the NGF serum levels are 
significantly increased (Bonini et al., 1996). NGF is secreted by mast cells, lymphocytes, 
macrophages and eosinophils. In asthma, it may contribute to the broncho-constriction 
of the alveoli and the resulting airway hyper-responsiveness by stimulating the sensory 
neurons (Braun et al., 1998). Additionally, NGF promotes the survival and activation of 
bronchial eosinophils (Nassenstein et al., 2003). By influencing the action of NGF, Fizz 1 
may modulate local tissue responses during Th2-mediated lung infl'ammation. 
The properties of Fizz2 have been less well investigated. Drawing an analogy to the 
hypothesized function of Fizz 1, the induction of Fizz2 in response to N. brasiliensis may 
similarly influence the local tissue response to the nematode. Recently, Zhao et al. 
reported that IL-4/IL- 13 enhanced the smooth muscle reponsiveness to enteric nerve 
stimulation, and this may contribute to the IL-4/IL- 13 -dependent expulsion of 
gastrointestinal nematode parasites (Zhao et al., 2003). In light of the expression of 
Fizz2 in the colonic epithelium and its regulation by IL-411L-13, it would be interesting 
to investigate whether Fizz2 was involved in this process in a manner similar to the 
proposed role of Fizz 1 in influencing airway hyperresponsiveness during asthma 
(Holcomb et al., 2000). 
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Although the expression profiles of Fizz! and Ymi are remarkably similar, their 
functions are likely to be very distinct. The high level secretion of Ymi by NeM4 
supports its role as an effector molecule andlor a mediator of the wound healing process 
once an infection is cleared. Our finding that Ymi is expressed in the lymph nodes 
suggests that it may also mediate APC to T cell interactions. Fizz 1 on the other hand, 
may have a more regulatory role. Studies on this protein have focused on its expression 
at sites of infection or inflammation, where it may control local tissue responses 
(Holcomb et al., 2000). Our finding that Fizz! is expressed in vivo by APCs, at the site 
of lymphocyte activation and differentiation has strong implications for a more localised 
role in regulating cellular responses. 
Macrophages were by far the highest Fizz 1 expressing cell type. As macrophages are 
effector cells that are recruited to the site of infection, high levels of Fizz 1 may be 
necessary in this setting. The lymph node, on the other hand, has a highly organised 
structure, where the interactions between B cells and dendritic cells with T cells are 
favoured by their close proximity; dendntic cells will present antigen and activate naïve 
T cells, whereas cross-talk between B and T cells will occur in the germinal centres. In 
this case, lower levels of signalling protein may be needed. The fact that B cells are the 
dominant cell type in the LN and that they express the second highest levels of Fizz 1 and 
Ymi suggests that the function of Fizzi/Ymi in the LN may depend on B cells rather 
than macrophages. 
In the LN, Fizzi could have an autocrine function on the APCs andlor more likely, could 
act on T cells. As discussed above, one proposed function of Fizz 1 is the inhibition of 
NGF (Holcomb et al., 2000). NGF receptors are widely expressed in immune cells, 
including T cells (Braun et al., 1998). Being expressed by APCs, Fizzi could alter T cell 
responsiveness to NGF, hence T cell differentiation and function. We have previously 
shown in our lab that NeM4 can effectively drive Th2 differentiation (Loke et al., 2000) 
and it is possible that Fizz 1 is involved in this T cell polansation. As dendritic cells 
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were the lowest expressing APC, Fizzi may not have an essential role in influencing the 
initial activation of naïve T cells, but may function at a later stage to influence fully 
activated effector T cells. 
In this chapter, we show that chitinases and Fizz are consistent features of nematode 
infection. Although AMCase and Fizz2 are expressed at the site of infection, Ymi and 
Fizzl are additionally induced in the APCs of the draining LN. This implicates a broader 
function for these two proteins and suggests that they function at multiple levels during a 
Th2-mediated immune response. 




in the IL-4 -I- NeM phenotype 
1. Introduction 
Our work on the characterisation of NeM has predominantly utilised WT and IL-4 - 
I- mice on the C57BL/6 background. However, the immune response and resistance 
towards a particular pathogen can vary considerably depending on the mouse strain. 
The BALB/c mouse strain, routinely used in the lab, differs from the C57BL/6 strain 
in the type of immune response mounted against immunisation or infection. Firstly, 
BALB/c mice generally produce more splenocyte cytokines and serum antibodies 
than C57BL/6 mice (MacDonald et al., 2003), consistent with the historical 
designation of C57BL/6 mice as 'low responders' (Hill et al., 1980). BALB/c mice 
also show a Th2-biased immune response whereas C57BL/6 mice often mount a Thi 
response (Reiner et al., 1995). 
The study of both mouse strains side by side has allowed the dissection of Thl/Th2 
responses in the context of resistance to different pathogens. For example, during 
infection with the intracellular parasite Leishmania major, C57BL/6 mice mount a 
Thi response resulting in pathogen clearance. In contrast, BALB/c mice develop an 
inappropriate Th2 response resulting in the persistence of the disease (Reiner et al., 
1994; Hsieh etal., 1995). 
The appropriate immune response for resistance to nematode infection is less well 
understood. In intestinal nematode infections, the critical role of Th2 cytokines for 
Strain-specifIc differences in IL-4 -I- mice 	 100 
Chapter 6 
parasite expulsion has been established (Finkelman et at., 1997) but in filarial 
infections, the role of the high Th2 driven immune response in resistance remains 
controversial. Most reports on filarial nematode infection have studied the role of 
Th2 cytokines by using genetically deficient mice of either C57BL/6 or BALB/c 
background. Due to strain-specific variation of the immune response, these reports 
have been conflicting. Whereas most studies have consistently found that IL-4 is 
critical for resistance to filarial nematodes in the C57BL/6 mice (Babu et al., 2000; 
Spencer et al., 2001; Le Goff et al., 2002), the impact of this cytokine in BALB/c 
mice is more complex and suggests that different stages of the parasite may be 
controlled by different arms of the immune system (Devaney et at., 2002; Spencer et 
at., 2003; Volkmann et al., 2003). 
In light of this strain-specific variation, we decided to look at the impact of Th2 
cytokines on the immune response to nematodes in both C57BL/6 and BALB/c 
mouse strains. Having characterised the function and gene expression of NeM4 in 
both infections with B. malayi and L. sigmodontis, we wanted to see whether these 
characteristics were dependent on IL-4 and/or IL- 13 in the BALB/c mouse strain. 
2. Results 
2.1. B. malayl implant model on the C57BL/6 and BALB/c 
background 
We have shown that the suppressive phenotype and the high level expression of 
Fizzi and Ymi in NeM is dependent on IL-4 in C57BL/6 mice (chapter 3). In light 
of reports showing differences in the impact of IL-4 in C57BL/6 and BALB/c mice, 
we wanted to see whether IL-4 was equally important for the development of the 
NeM4 phenotype in BALB/c mice. 
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2.1.1. The NeMçb phenotype is dependent on IL-4 in C57BL16 but not BALB/c mice 
2.1. 1A. Proliferative suppression 
We have previously shown that the ability of NeM to suppress proliferation of a 
wide range of cells was dependent on IL-4 in C57BL/6 mice (Loke et al., 2000). We 
decided to investigate whether the proliferative suppression mediated by NeM was 
similarly abrogated in IL-4 -I- mice on the BALB/c background. When co-cultured 
with EL-4 thymoma cells, NeM purified by adherence from both WT C57BL/6 and 
BALB/c mice showed significant suppressive capacity in comparison to control 
macrophages (Fig. 6.1). As shown previously, NeM from IL-4 -I- mice on the 
C57BL/6 background failed to suppress the EL-4 thymoma (Loke et al., 2000). 
However, on the BALB/c background, IL-4 -I- NeM and WT NeM were equally 
suppressive. 
C57BL/6 	 BALBIc 
WT 	I L-4 . 	WT 	 IL-4 -I- 
Fig. 6.1. IL-4 is essential for the NeM4 
suppressive phenotype in C57BL/6 but 
not BALB/c mice 
Macrophages from naïve (cont) or B. 
malayi implanted (imp) mice were 
purified by adherence and co-cultured 
with the EL-4 thymoma for 48h and 
proliferation was measured by 3H 
thymidine incorporation. Error bars show 
standard deviation from groups of 4-5 
individual mice. p values were measured 
between the control and implant groups 
(*** p<0.001, ** p<0.01). 
2.1.1B. Fizzi and Ymi expression 
We also compared Fizz 1 and Ymi expression in IL-4 -I- mice on both the C57BL/6 
and BALB/c background. Although Fizz 1 and Ymi were induced in the IL-4 -I- 
BALB/c mice, the expression levels were lower than in the WT mice (Fig. 6.2). The 
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IL-4 dependence of Fizz 1 and Ymi expression was far more striking on the C57BL/6 
background, where the expression of these genes in IL-4 -I- NeM was basal (see 
chapter 3). Thus, in BALB/c mice, the NeM suppressive phenotype is not 








BALB/c cont BALB/c imp IL4-/- cant IL4-I- imp 
Fig. 6.2. Fizz! and Ymi expression in 
NeM4 is only partly dependent on IL-4 in 
I BALB/c mice 
Macrophages were purified by adherence from 
thioglycollate injected (cont) or B. malayi 
implanted (imp) mice and prepared for real-
time RT PCR analysis of Fizz 1 and Ym 1. The 
cDNA was pooled from 5 mice per group, and 
normalised for the housekeeping gene 3-actin. 
For each gene of interest, the highest 
expressing sample was arbitrarily set at 100. 
2.1.2. Compensation by IL-13 in IL-4 -I- BALB/c mice 
Although the lack of IL-4 dependence on the BALB/c background was surprising, 
we hypothesized that this may be due to compensation by the Th2 cytokine IL-13, as 
the BALB/c strain generally mount highly polarised Th2 responses. 
Thus, we measured antigen-specific IL-4, IL-13, IFN-y and IL-lO production by 
splenocytes from naïve and implanted WT and IL-4 -I- mice on both the C57BL/6 
and BALB/c background. 
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Fig. 6.3. Differences in antigen-specific cytokine production in WT and IL-4-/- mice on the 
C57BL/6 and BALB/c background 
Splenocytes from naïve (cont) or B. malayi implanted (imp) mice were cultured in medium alone, or re-
stimulated with B. malayi antigen for 72 hours, following which the supernatants were recovered for A. 
IFN-y, B. IL- 13 and C. IL- 10 cytokine ELISAs. Error bars show standard deviation from groups of 4-5 
individual mice. p values were measured between the Wi' and IL-4 -I- mice (*** p<0.001, ** p<O.Ol). 
As expected, no IL-4 was detected in the IL-4 -I- mice, and comparable levels of 
antigen-specific IL-4 were produced by B. malayi implanted WT C57BL/6 and 
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In the WT mice, implant with B. malayi resulted in the production of high levels of 
antigen-specific IL-13 in both C57BL/6 and BALB/c mice (Fig. 6.3A). However, the 
effect of IL-4 deficiency on IL- 13 production was different in both mouse strains. 
Whereas the absence of IL-4 on the C57BL/6 background caused reduction in IL- 13 
production, IL-4 -I- BALB/c mice seemed to produce more IL-13 than WT BALB/c 
mice. The differences between the groups did not achieve p values below 0.05, but 
higher numbers of mice may have been necessary for statistical significance (we 
used between 4-5 in each group). We have previously shown that IL-13 can also 
mediate the development of NeM4 (see chapter 4). Thus the high levels of IL- 13 are 
likely to compensate for the lack of IL-4 in the BALB/c strain, and mediate the 
differentiation of NeM. 
When we looked for antigen-specific IFN-y production in WT implant mice, the 
levels were very low, consistent with the highly polarised Th2 response driven by the 
adult nematode (Fig. 6.3B). In the absence of IL-4, the IFN-y response was higher in 
both strains, although the increase was more striking on the BALB/c (p<0.001) than 
on the C57BL/6 background (p>0.05). 
The antigen-specific production of IL- 10 followed an opposite pattern (Fig 6.3 C). In 
the C57BL/6 mice, the absence of IL-4 led to a slight increase in IL- 10 production, in 
contrast to IL-4 -I- BALB/c mice, where IL-10 production was severely impaired 
(p<0.01). The high IFN-y and IL-13 production in IL-4 -I- BALB/c mice may 
therefore result from the reduced production of the downregulatory cytokine IL-b. 
Although IFN-y was high in the IL-4 -I- BALB/c mice, this is not sufficient to switch 
from a Th2 to a Thi cytokine response as the NeM4 phenotype is still maintained in 
these mice, probably due to the high levels of IL-13 being produced. In contrast, the 
IL-13 production in C57BL/6 mice is impaired in the absence of IL-4. Together with 
the increase in IFN-y production, this suggests a switch to a Thi cytokine response in 
the IL-4 -I- C57BL/6 mice, explaining the observed defect in the development of the 
NeM phenotype. Analysis of the IgG isotype antibodies produced by the WT and 
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IL-4 -I- mice would have confirmed whether a Thi or Th2 response was favoured in 
the IL-4 -I- mice on the C57BL/6 or BALB/c background. As splenocyte cytokine 
production may not reflect the local cytokine responses, it would also be interesting 
to measure the antigen-specific cytokine production from the lymph nodes draining 
the site of infection. The absence of IL-4 in BALB/c but not C57BL/6 mice resulted 
in a decrease in IL-10 production, implying that the effects of IL-4 on the control of 
IL-lO production vary depending on the mouse strain. The reduced IL-10 production 
in IL-4 -I- BALB/c mice is consistent with other published studies by Devaney et al., 
where WT and IL-4 -I- BALB/c mice were infected subcutaneously with B. pahangi 
larvae (L3 stage) (Devaney et al., 2002). 
2.1.3. Immune Response to B. malayi in the absence of IL-4 and IL-13 in BALB/c 
mice 
In order to test our hypothesis that the development of the NeM4 phenotype in IL-4 
deficient BALB/c mice was due to compensation by IL-13, we investigated the 
immune response to B. malayi in BALB/c mice genetically deficient for the IL-4 
Receptor a-chain (IL-4 R -I-) (Mohrs et al., 1999). The Th2 cytokine IL-4 is 
recognised by two types of receptors. The type 1 IL-4 receptor is composed of the 
IL-4R a-chain dimerised to the common y chain. IL-4 Ru can also bind to IL-13 R 
a 1 to form the type 2 IL-4 receptor. The type 2 IL-4 R can bind IL- 13 with similar 
affinity to IL-4 (Finkelman et al., 1999). Since both type 1 and type 2 IL-4 receptors 
are composed of the IL-4 Ru-chain, the use of IL-4 Ru deficient mice allowed us to 
investigate the role of both IL-4 and IL- 13 in the immune response to B. malayi. 
We looked at the phenotype of NeM recruited in WT and IL-4 R -I- mice, as well as 
the cytokine response 2 and 3 weeks post implant in comparison to thioglycollate 
injected controls. We initially chose to look at two time points after implant in order 
to follow cell recruitment and look for any differences in worm survival and 
recovery, as we had not previously used this mouse strain. However, we did not see 
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any significant differences in cell numbers nor in the adult worms, which were 
healthy at both time points (data not shown). 
2.13A. Differences in the cell types recruited in IL-4 R -I- mice 
We first decided to assess the effects of IL-4/IL-13 deficiency on cell recruitment in 
response to B. inalavi. Although equivalent numbers of cells were recruited in both 
WT and IL-4 R -I- mice, we observed three main differences in cell composition 
between the mouse groups that were consistent over both time points (Fig. 6.4). 
Firstly, the mean percentage of macrophages was lower in the IL-4 R -I- mice, and 
the lymphocytes became the dominant cell type. When looking at the granulocyte 
population, there seemed to be a trend towards a higher proportion of neutrophils and 
a lower proportion of eosinophils in the absence of IL-4 and IL-13. When we 
analysed the data by two-way ANOVA (time-point x mouse group), we confirmed 
significant differences in the recruitment of macrophages, lymphocytes and 
eosinophils (p<0.01), but not neutrophils. However, the decrease in neutrophils is a 
consistent trend with previous studies in the lab on the cell recruitment in WT and 
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Fig. 6.4. Peritoneal cell populations 
in BALB/c and IL-4 R-/- mice 
implanted with B. rnalayi 
H \l.13 c and Il,-4R-;- mice were 
1m1)lanted with adult B. ,nalavi and the 
peritoneal exudate cells were recovered 
2 and 3 weeks (wk) post implant. The 
graphs show the cell types present, as 
determined from analysis of cytospins 
hy microscopy Data is shown as the 
mean of 3-4 individual mice. 







impwk2 	impwk 3 	impwk 2 	irnpwk 3 
Chapter 6 
2.1.313. The proliferative suppression is dependent on IL-4 and IL-13 in BALB/c 
mice 
In addition to investigating differences in cell recruitment patterns in B. inalayi 
implanted WT and IL-4 R -I- mice, we also investigated the suppressive phenotype 
of NeM from both mouse groups. In the IL-4 R -I- mice, NeM recruited after 2 and 
3 weeks post implant were not able to suppress proliferation (Fig. 6.5). Therefore, in 
contrast to C57BL/6 mice, where IL-4 is the dominant Th2 cytokine, both IL-4 and 
IL-13 are required for the development of the NeM phenotype in BALB/c mice. 
However, due to the lower proportion of macrophages in the IL-4 R-I- implanted 
mice, it is possible that the lack of suppression was due to the lower number of 
macrophages present in the cultures. Purification of F4/80 positive cells followed by 
co-culture of equivalent numbers of macrophages in each group would have allowed 
us to confirm that the IL-4 R -I- NeMc were not suppressive. 
Fig. 6.5. The NeM4 suppressive phenotype is 
dependent on IL-4 and IL-13 in BALB/c 
mice 
Macrophages from BALB/c and IL-4 R -I- mice 
implanted with B. 'nalavi for 2 or 3 weeks (imp 
wk 2, 3) were purified by adherence and co-
cultured with the EL-4 thymoma for 48h. 
Proliferation was measured by 3H thymidine 
Incorporation. Error bars show standard 
deviation from groups of 3-4 individual mice. p 
values were measured between BALB/c and 
IL-4 R -I- groups at each time point( ** p<O.Ol, 
* p<O.O5) 
2.1.3C. The Th2 cytokine response is abrogated in the IL-4 R-/- mice 
We also decided to assess the local cytokine response in both WT and IL-4 R -I- 
mice by intracellular cytokine staining of cells from the draining lymph nodes. This 
method allowed us to assess the IFN-y and IL-4 production specifically by the CD4 T 
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cells, which can be gated for according to surface staining with u-CD4 (Fig. 6.6 - 
6.8). For successful cytokine staining, it is necessary to stimulate the lymph node 
cells ex vivo. We used PMA and ionomycin for polyclonal activation of the cells 
before permeabilisation and FACS staining. This method therefore tests the potential 
of the cells to produce the cytokines, instead of measuring their antigen-specific 
cytokine production. 










i .... 	 :' 
Fig. 6.6. Gating of the CD4 T cell population for IL-4 
and IFN '' intracellular cytokine analysis. 
The draining lymph node cells from B. nuilavi implanted 
mice were stimulated with PMA and ionomvcin for 6 hours 
and stained for CD4, following which they were analysed by 
intracellular cytokinc staining. This is an example of the 
gating on CD4 T cell population, allowing the IT of CD4 I 
cells producing IFN-y or IL-4 to be calculated as shown 
below. 
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Fig. 6.7. IFNy and IL-4 intracellular cytokine staining of CD4 T cells from the draining 
lymph nodes of B. rnalayi implanted BALB/c and IL.4 R .1- mice 
These FACS plots are examples of the intracellular cytokine analysis for IFN-? (Y axis) and IL-4 
(X axis) positive CD4 T cells from the draining lymph nodes of BALB/c or IL-4 R -I- mice. Using 
the isotype staining to determine the gates, the IT of IFN-y positive and lL-4 positive CD4 T cells 
was calculated and plotted in the next figure. 
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A BALB/c IL-4 R -I- 
* * * 	Fig. 6.8. The capacity of CD4 T cells to 
8 .. 	 produce IL-4 is impaired in IL.4 R -I- mice. 
I- 
0 - BALB/c or IL-4 R -I- mice were B. malayi 
2- implanted (imp) for 2 or 3 weeks (wk) or 
injected with thioglycollate (thio) and the 
0 	
draining lymph nodes recovered for 
- 	1 0 intracellular cytokine staining of the CD4 T 
00 	 cells for A. IFN-y and B. IL-4. The data points 
represent individual mice. * represent p values 
0 	
thio imp 	imp 
. 	. 	between thio and imp mice (** p<O.Ol thio 	imp imp 
(wk 2) 	(wk 3) (wk 2) 	(wk 3) 	
*p<0.05), 1 respresents p value between 
BALB/c and IL-4 R -I- groups (p<0.05). 
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Overall, implant with adult B. malayi in both the WT and IL-4 R -I- mice resulted in 
an increase in the IFN-y producing CD4 T cells at 3 weeks post implant. Although 
implant with adult B. malayi drives a Th2 immune response, it is clear that the T 
cells from the lymph nodes have the potential to produce IFN-y. This implies that 
they are not irreversibly Th2 differentiated, despite the chronic type 2 mediated 
inflammation driven by the nematode infection. The increase in the IFN-y producing 
CD4 T cells at 3 weeks post implant may be due to the long-term exposure of the 
mice to the microfilaria continually released by the adult female worms (Lawrence et 
al., 1995). Alternatively, the endosymbiont bacteria (Wolbachia), released from 
dying worms can also induce a Thi inflammatory response (Taylor et al., 2000). 
As expected, the difference in the % of IL-4 producing T cells between the WT and 
IL-4 R-/- mice was much more striking. In response to B. malayi implant, we 
observed a marked increase in the % of IL-4 producing T cells in the WT mice 
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compared to the controls, in contrast to the IL-4 R-/- mice, where only a slight 
increase in IL-4 producing T cells was observed by 3 weeks. We also looked at the 
cytokine production of the non-CD4 lymph node cell population and observed a 
similar pattern of expression in the different mouse groups, although there seemed to 
be a greater impairment in the ability of IL-4 R -I- cells to produce IFN-? (data not 
shown). 
Although we did not measure the Fizz 1 and Ymi expression in this B. malayi 
implant experiment, we showed failure to induce these genes in the IL-4 R -I- mice, 
using the L. sigmodontis nematode infection model, as described below. 
2.2. Immune response to L. sigmodontis in BALB/c and 
IL-4 R -I- mice (performed as a collaboration with Laetitia Le Goff) 
We have already shown that macrophages recruited to the thoracic cavity of L. 
sigmodontis infected BALB/c mice at 60 days post infection show similar 
characteristics to B. malayi NeM, including the suppressive phenotype and the high 
expression of Fizz 1 and Ymi (see chapter 5). We originally chose to look at this 
infection model in BALB/c mice as the parasite can undergo its full life cycle in this 
susceptible strain (Le Goff et al., 2002). 
In the previous sections, we have shown that the phenotype of B. malayi NeM in 
BALB/c mice is dependent on IL-4 and IL-13. We wanted to see whether the 
characteristics of L. sigmodontis NeM4 were similarly dependent on these cytokines. 
Thus, we looked at the immune response to L. sigmodontis in both WT and IL-4 R-/-
BALB/c mice at day 60 and day 90 post-infection. By day 60, the difference between 
parasite recovery in resistant and susceptible mice is clear (Le Goff et al., 2002), 
hence the time frame we chose would allow us to detect differences in susceptibility 
between the mouse groups. 
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2.2.1. The parasite recovery and microfilaraemia differ in WT and IL-4 R -/-
BALB/c mice (performed by L. Le Goff) 
In the resistant C57BL/6 mouse strain, a Th2 cytokine response is essential for 
clearance of the parasite (Le Goff et al., 2002). However, though BALB/c mice show 
a highly Th2-biased immune response, they are highly susceptible to the filarial 
infection. Previous data in the lab had shown that IL-4 deficiency in BALB/c mice 
had no effect on the establishment of the parasite (unpublished data). In light of our 
results showing high levels of IL-13 in IL-4 -I- BALB/c mice, we chose to assess the 
susceptibility to L. sigmodontis of IL-4 R -I- mice, where the Th2 cytokine response 
is completely abrogated (Fig. 6.9). 
Parasite recovery 
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Fig. 6.9. Parasite recovery and microfilaraemia in L. sigmodontis infected WT and 
IL-4 R -I- BALB/c mice 
WT and IL-4 R -I- BALB/c mice were infected s.c. with L. sigmodontis larvae and the % adult 
parasites recovered (A) and blood microfilaria (B) determined at 60 and 90 days post-infection. 
Data points represent individual mice. 
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At Day 60 post infection, we did not observe any significant difference in the adult 
worm burden between both mouse genotypes, although the IL-4 R -I- mice had a 
greater spread in the % worm recovery and the resulting mean was slightly higher. 
However, a clear difference was seen in the recovery of microfilaria at both time 
points, where IL-4 R -I- mice were more susceptible to this parasite stage than WT 
mice. Strikingly, the IL-4 R -I- mice had cleared the adult worms at day 90, whilst 
still having greater blood microfilaraemia than the WT mice. These results are 
unexpected in the context of the requirement for Th2 cytokines in the clearance of 
the adult worms in C57BL/6 mice. However, it is becoming increasingly clear that 
the role of Th2 cytokines in filarial infection is dependent on the mouse strain (Le 
Goff et al., 2002). It will be valuable to assess the infection status at various time 
points between day 60 and 90 to determine when adult death occurs in the IL-4 R -I-
mice. 
2.2.2. Switch to a Thi-like immune response in IL-4 R -I- mice (ELISA's 
performed by L. Le Goff) 
In addition to assessing the susceptibility of WT and IL-4 R -I- mice to L. 
sigmodontis infection, we also assessed the immune response to infection in both 
mouse groups. We observed a clear switch to a Thi type immune response in the IL-
4 R -I- mice at both infection time points (Fig 6.10). This included significantly 
higher ratios of antigen-specific IgG2a to IgGi, and basal levels of IgE antibody 
isotypes, relative to elevated IgE in the WT mice. We also observed higher levels of 
antigen-specific IFN-y and lower levels of IL-5 in comparison to the infected WT 
mice. 
These changes suggested that type 1 effector mechanisms may be involved in the 
killing of adult worms. A role for IFN-y in the clearance of adult worms has 
previously been suggested (Saeftel et al., 2001). We chose to assess the macrophage 
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activation status at the site of infection to assess whether they were under the 
influence of IFN-y in the IL-4 R -I- mice. At the site on infection, the macrophages 
recruited in the IL-4 R -I- mice showed a more classical activation phenotype, with a 
higher iNOS/Arginasel ratio. However, at day 90, the difference in the 
iNOS/Arginasel ratio between the WT and IL-4 R -I- mice was not as striking. At 
this time point, the adult nematodes had been cleared from the IL-4 R -I- mice and as 
a result, the macrophages may have been in a less activated state, as the 
inflammation had already been resolved. 
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2.2.3. Differences in the cell types recruited in the IL-4 R -I- mice 
To further investigate the potential effector response in IL-4 R -I-, we looked at cell 
recruitment to the site of infection. Infection with L. sigmodontis resulted in a 
comparable increase in number of cells in both WT and IL-4 R -I- mice at day 60 
(Fig. 6.11A). However, in the IL-4 R -I- mice we observed a decrease in cell 
numbers by day 90. The reduced number of cells in the thoracic cavity at this time 
point is probably due to the absence of parasites in these mice. The total cell numbers 
in each group were not significantly different and the experiment must be repeated, 
with larger groups of mice, in order to verify the pattern observed. Due to problems 
with the staining of the cytospins at day 60, we were only able to determine the cell 
types recruited to the thoracic cavity at day 90 (Fig. 6.1113). Similarly to the B. 
malayi implant model, we observed a lower representation of macrophages in the 
infected IL-4 R -I- mice, although this difference was not significant. Further, there 
was a significantly greater percentage of lymphocytes recruited to the infected IL-4 
R -I- mice (p<O.Ol). We observed a similar trend in the recruitment of granulocytes, 
with a slight increase in neutrophils, and decrease in eosinophils (p<O.Ol) in the 
infected IL-4 R -I- mice. The increase in neutrophils may be in part responsible for 
the clearance of the adult parasites, as this cell type has been implicated in adult 
worm killing (Saeftel et al., 2001). It would be interesting to follow the recruitment 
of neutrophils over time, to see whether the increase in neutrophils at the site of 
infection precedes adult parasite clearance. The consistent observation that 
eosinophilia and macrophage recruitment is reduced in IL-4 R -I- mice, in both 
infection with B. malayi and L. sigmodontis, implies that Th2 cytokines may be 
necessary for the recruitment of these cell types to the site of nematode infection. 
The lower eosiniphilia in the IL-4 R-/- mice is consistent with many studies showing 
the importance of IL-4 and IL-13 in eosinophil recruitment (Spencer et al., 2001; 
MacDonald et al., 2003). 
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Fig. 6.11. Thoracic cell populations in BALB/c and 11-4 R-/- mice infected with L. sigmodontic. 
The thoracic cavity cells were recovered from naïve (cont) or day 60 and day X) L sigmodonfis infected 
mice (in!). Fig A. shows the total cell number recruited to the thoracic cavity at both day 60 and day 90 
post infection. Error bars show the standard deviation from groups of 4-5 individual mice. Fig B. shows 
the cell types recruited to the thoracic cavity at day 90 post infection, as determined from analysis of 
cytospins by microscopy. Data is shown as the mean of 4-5 individual mice. 
2.2.4. The L. sigmodontis NeMO phenotype is dependent on IL-4 and JL-13 in 
BALB/c mice 
We investigated the suppressive phenotype and the gene expression of the 
macrophages recruited to the site of infection (L. sigmodontis NeM). Consistent 
with the results of the B. malavi implant model, the suppressive phenotype of L. 
siginodontis NeM4 was dependent on IL-4 and IL-13, as we did not observe 
suppression in the IL-4 R -I- mice (Fig. 6.12 A). In the L. sigmodontis infection 
model, the proportion of macrophages in the WT and IL-4 R -I- mice was more 
comparable than in the B. malavi implant model. Thus, the defect in the suppressive 
capacity of IL-4 R -I- NeM4 is probably caused by the impaired differentiation of the 
macrophages, and not the lower numbers of macrophages cultured. 
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We measured expression of the B. malayi NeMp marker Fizz!, and observed high 
expression of this gene in the infected WT mice at both time points, in contrast to 
basal expression levels in the other mouse groups (Fig. 6.12 B). Fizzi expression in 
the infected WT mice seemed higher at day 90, although this was not significant due 
to the spread of data points. When we looked at Ymi expression, we could only 
detect amplified product by real-time RT-PCR in the infected WT mice at both time 
points (data not shown). 
Fig. 6.12. The NeMi$i phenotype is 
dependent on IL.4 and IL-13 in the L. 
sigmodontis infected BALB/c mice. 
Macrophages from the thoracic cavity of 
naïve or L. sigmodontis infected (day 60 
and 90) mice were assessed for their 
capacity to suppress the EL-4 thymoma 
cell line (A) and the expression of Fizz I 
by real-time RT-PCR (B). Data points 
represent individual mice and the error 
bars show the standard deviation of 
individual or pooled samples from groups 
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3. Discussion 
Strain-specific variation of the immune response is a well-established phenomenon 
that has been beneficial to studies characterising the appropriate response for 
resistance to several pathogens. In filarial nematode infection models, the 
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background of the genetically deficient mice has important consequences on the 
resulting immune response. In this chapter, we chose to study the impact of IL-4 
deficiency in C57BL/6 and BALB/c mice using the B. malayi implant model and the 
L. sigmodontis infection model. 
The effect of IL-4 deficiency on the production of IL- 13 has been unclear due to 
conflicting reports. In a Trichuris muris infection model, Bancroft et al. showed 
impairment in the secretion of IL-13 in IL-4 -I- mice on the C57BL/6 background 
(Bancroft et al., 1998). In contrast, Devaney et al. measured high levels of IL-13 in 
IL-4 -I- BALB/c mice in a B. pahangi infection model (Devaney et al., 2002). By 
comparing the cytokine responses to implant with B. malayi in IL-4 deficient mice 
from both strains, we showed that these conflicting results are probably due to 
differences in the background strain, and not the different infection models used. In 
the C57BL/6 mouse strain, the lack of IL-4 seems to completely abrogate the Th2 
cytokine response, with increased production of IFN-y and reduced levels of the Th2 
cytokine IL-13. In BALB/c mice however, it appears that increased levels of IL-13 
compensate for the IL-4 deficiency. 
By using IL-4 R -I- BALB/c mice in both filarial infection models, we were able to 
replicate the immune response characteristics observed in the IL-4 -I- C57BL/6 mice. 
This included the impaired development of the NeM suppressive capacity and the 
expression of Fizz 1 and Ym 1, as well as differences in the cell recruitment pattern to 
the site of infection. In the immune response to both B. malayi and L. sigmodontis, 
Th2 cytokines seem to contribute to macrophage recruitment and eosinophilia, 
whereas in their absence, the recruitment of lymphocytes and neutrophils is greater. 
The reduction in the proportion of neutrophils was consistently observed in both 
filarial infection models. In the B. malayi implant model, the recruitment of 
neutrophils occurs as early as day 1 post implant, although they disappear by day 7 
(Falcone et al., 2001). During this time frame, the decrease in the proportion of 
neutrophils is mirrored by the increase in macrophage and eosinophil numbers. One 
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main function of macrophages recruited to sites of chronic inflammation is the 
phagocytosis of apoptotic neutrophils allowing the resolution of inflammation (Savill 
et al., 2002). In the absence of IL-4 receptor signalling, we observed a decrease in 
macrophages and an increase in neutrophils. One hypothesis would be that the lower 
number of macrophages recruited resulted in a failure to clear the neutrophils from 
the site of inflammation (investigated further in chapter 7). The increase in 
neutrophils may have implications for both the inflammatory process at the site of 
infection, as well as for parasite killing. 
In the L. sigmodontis infection model, a role for IFN-y and neutrophils has been 
proposed for the killing of the adult worms (Saeftel et al., 2001). Thus, the increased 
numbers of neutrophils we observed in the infected IL-4 R -I- mice may be partly 
responsible for the clearance of the adult parasites by day 90 post infection. Further, 
the macrophages recruited during L. sigmodontis infection showed a classical rather 
than an alternative activation phenotype. It would be interesting to investigate the 
potential role of classically activated macrophages in adult worm killing. However, 
although the skew towards a type 1 immune response mediated the killing of the 
adult parasites, we observed enhanced susceptibility to the blood microfilarial stage. 
The increase in blood microfilaraemia is consistent with other studies, where IL-4 
may play a key role in controlling the microfilaria counts by affecting worm 
fecundity (Devaney et al., 2002). Recently Volkmann et al. found a similar decrease 
in adult worm load and increase in microfilaraemia in IL-4Ra -I- mice at day 80 and 
day 111 post-infection (Volkmann et al., 2003). Our data suggests that the 
appropriate cytokine response for resistance to different life cycle stages is different. 
This raises issues over what immune response is ideal for immunity to filarial 
infection and therefore has implications for vaccine design. 
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Anti-inflammatory function of NeM4 
1. Introduction 
The acute inflammatory response is a critical player in the defence against microbial 
infection or tissue injury. It involves the recruitment of granulocytes, macrophages and 
other inflammatory cells that act together to eliminate the pathogen and repair the 
damaged tissue. By the release of nitric oxide and reactive oxygen species, and the 
recognition and phagocytosis. of microbial pathogens, macrophages play an important 
role in the acute inflammatory response. 
Under the influence of glucocorticoids and anti-inflammatory cytokines, macrophages 
will also participate in the resolution of the inflammatory process once the pathogen is 
cleared. During resolution of inflammation, the recruited leukocytes will undergo 
apoptosis and will subsequently be recognised and phagocytosed by macrophages (Savill 
et al., 1989). Apoptosis is critical for the effective resolution of inflammation. Unlike 
necrosis, the maintenance of the membrane integrity of apoptotic cells prevents the 
release of damaging cytotoxic granules and pro-inflammatory cytokines (Savill et al., 
1989). 
The clearance of apoptotic cells by macrophages is a specific and highly controlled 
process, involving numerous cell surface molecules that mediate both the recognition 
and receptor-dependent phagocytosis of the apoptotic cell (Savill et al., 2000; Savill et 
al., 2002). Further, the ingestion of apoptotic cells has an anti-inflammatory effect on the 
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macrophage resulting in the production of the immunosuppressive cytokine TGF-3 and 
the downregulation of pro-inflammatory mediator secretion (Voll et al., 1997; Fadok et 
al., 1998). 
The pathogenesis of many diseases such as asthma and rheumatoid arthritis is 
characterised by the chronic accumulation of inflammatory cells, which may in part 
result from defects in the resolution of the inflammation process (Weiss, 1989). In 
addition to focusing on the effective induction of apoptotic pathways, much research has 
concentrated on the critical role of macrophages in the phagocytic clearance of apoptotic 
cells as a therapeutic target for the treatment of chronic inflammatory diseases (Liu et 
al., 1999). 
Helminth infection results in a Th2-biased immune response similar to that observed 
during allergy and asthma (Allen et al., 1996; Wills-Karp, 1999). The high 
representation of Fizz 1 in NeM, a gene that was first identified in a murine model of 
allergic airway inflammation, further supports this similarity (see chapter 3). We decided 
to investigate whether NeM had similar characteristics to macrophages involved in the 
resolution of inflammation. We have shown in the previous chapters that many NeM 
characteristics are dependent on IL-4. However, the differentiation of NeM in an in 
vivo setting means that many other factors including parasite ES products, 
glucocorticoids and other cytokines may influence the NeM phenotype. Thus, we also 
wanted to define the role of IL-4 in this process, especially since IL-4 is driving cytokine 
during chronic inflammatory diseases such as asthma. 
In this chapter, we investigated the potential involvement of NeM in the resolution of 
inflammation by looking at the expression of inflammatory chemokines and measuring 
the phagocytic capacity for apoptotic cells. Our results show that NeM downregulate 
the expression of several inflammatory chemokines in an IL-4 dependent manner, and 
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further show increased phagocytic potential for apoptotic cells in comparison to naïve 
macrophages, although this was IL-4 independent. 
2. Results 
2.1. IL-4 dependent downregulation of inflammatory 
chemokines in NeM 
(performed with the help of P'ng Loke) 
We initially used the Clontech Mouse 1.2 Atlas Array as a complementary approach to 
the IL-4 NeM subtractive library for the identification of IL-4 dependent genes in 
NeM (Loke et al., 2002). We purified WT and IL-4 -/ - NeM RNA, followed by 
hybridisation to the array and identification of the differentially expressed genes. 
Of the 1176 genes on the array, very few genes were identified that were upregulated in 
WT NeM in comparison to IL-4 -I- NeM4 and that were specific for parasite infection. 
This is probably due to a bias in our knowledge (and thus on the array) towards genes 
expressed in classically activated macrophages in comparison to alternative activation 
pathways and associated factors. Indeed, many of the abundantly expressed genes from 
the NeM EST project and the IL-4 NeM subtractive library were not represented on 
the Atlas array (Loke et al., 2002) (see chapter 3). This justified our rationale for using 
an EST approach to identify novel IL-4 dependent genes. 
We observed the striking downregulation of the pro-inflammatory chemokines 
macrophage inflammatory protein (MIP)-lcx, MIP-10 and MIP-2 in WT NeM, when 
comparing hybridisation to the array of WT and IL-4 -/ - NeM RNA, (Fig 7.1A). We 
confirmed these findings by real-time RT-PCR (Fig 7. 1B). We also measured the 
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expression levels of these chemokines in macrophages from naïve mice (cont) and 
observed that they were higher than in WT NeM4. The downregulation of these genes in 
comparison to naïve macrophages implies a role for NeM4 in the resolution of 
inflammation. However, it is important to consider the possibility that the reduced gene 
expression may reflect differences in the kinetics of chemokine expression. These RNA 
samples were taken at three weeks post implant and higher level of chemokine 
expression may have occurred earlier. Regardless, at this chronic stage of infection, our 
results suggest that the macrophages have developed a phenotype consistent with a 
potential function in the resolution of inflammation. 




- 	 ----. 
a 	 a 
b b• 
C. 	 C. 
- '-- 	 - 
d 	e 	f 	d 	e • 
B 




WT L-4 -I- WI IL-4 -I- 	WT IL-4 -I- WT IL-4 -I- 	 WT IL-4 -I- WT IL-4 -I- 
cont cont NeM4 NeM4 cont cont NeMO NeMI, cont cont NeM4 NeMp 
Fig. 7.1. Inflammatory chemokines are downregulated in NeM4 
A. We probed a mouse gene array with RNA from C571BL6 or IL-4 -I- NeM. 
MIP-la (a), MIP-1E (b) and MIP-2 (c) are downregulated in macrophages from 
C57/BL6 mice. (d), (e), (f) represent housekeeping genes. B. Verification of the 
array results by real-time RT-PCR of macrophages from naïve (cont) and B. 
malayi implanted C57BL16 (WT) and IL-4 -I- mice. Expression levels are 
relative to 13-actin (arbitrarily set at 10, 000 units). 
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2.2. Increased phagocytosis of apoptotic neutrophils but not 
latex beads by NeM 
Having observed the downregulation of inflammatory chemokines, we wanted to 
investigate further the potential anti -in fl ammatory role of NeM. We therefore measured 
the ability of NeM to phagocytose human apoptotic neutrophils in comparison to 
thioglycollate recruited macrophages and IL-4 -I- NeM. We used human apoptotic 
neutrophils as they are readily available from the Centre for Inflammation Research 
(CIR, University of Edinburgh). Previous studies at the CIR have shown that murine 
peritoneally recruited macrophages can phagocytose human apoptotic neutrophils (Liu et 
aL, 1999). We also measured the phagocytosis of latex beads as a control for non-
specific phagocytosis. 
We chose to measure phagocytosis by flow cytometry rather than by microscopic 
visualisation as this prevented potential bias in the counting of the cells as well allowing 
a greater sample size ('-10,000 macrophages counted per sample). The phagocytic assay 
involved the incubation of the macrophages with FITC-labelled latex beads or apoptotic 
neutrophils (FL-I channel). The macrophages were then detached and stained for F4/80 
(FL-3 channel). The gating on the F4/80 positive macrophages allowed the exclusion of 
the non-phagocytosed apoptotic neutrophils (Fig. 7.2). In the B. malayi implanted 
C5713L/6 mice, we were also able to exclude the F4/80 low eosinophils that represent 
around 20% of the total peritoneal exudate cell population. Finally, we measured the % 
FITC-positive macrophages in comparison to the control macrophages that had been 
incubated alone. 
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Fig 7.2. Flow cytometric analysis of macrophage phagocytic 
capacity. 
Macrophages from thioglycollate injected C57BL/6 (A) and B. malavi 
implanted C57BL/6 or IL-4 -I- mice (B, C) were assessed for ability to 
phagocytose FITC-labelled latex beads or apoptotic neutrophils. FACS 
analysis involved the gating of the F4180 positive (FL-3 channel) 
macrophages following measurement of the FITC-positive cells (FL-I). 
The labelled neutrophils were FL-1 positive (D) but FL-3 negative (data 
not shown). eos. eusinophils (FL-3 low) were gated out from the analysis. 
The profile for IL-4 -I- thioglycollate recruited M4 was similar to the 









Macrophages incubated with latex beads showed distinct peaks in the histogram profile, 
indicative of the number of beads phagocytosed. This allowed the easy gating for the 
FITC positive macrophages. For the apoptotic neutrophil assay, the gates were 
determined according to the FL-i histogram of the neutrophils alone (Fig. 7.21)). In this 
assay, we cannot fully rule out the possibility that the neutrophils may have stuck to the 
macrophages rather than be phagocytosed. However, the detachment of the cells and 
subsequent washing with EDTA should have minimised the cells sticking together. 
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Further, in cytospins of the FACS samples, we did not observe cells sticking to each 
other (data not shown). 
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Fig. 7.3. Phagocytosis of latex beads and apoptotic neutrophils 
Thioglycollate recruited macrophages (thio) and B. malayi implanted macrophages 
(NeM4) were incubated with FITC-labelled beads (A) or apoptotic neutrophils (B). 
The % macrophages that had phagocytosed was measured by flow cytometry. This 
data is representative of three separate experiments. 1 p<O.00i as determined by 
two-way ANOVA (repeat experiment x mouse group) with post-hoc comparison 
between thio and NeM4 groups. 
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Whilst we did not observe any significant difference between the macrophage groups in 
their capacity to phagocytose latex beads, NeM from both WT and IL-4 -I- mice 
consistently showed greater capacity to phagocytose apoptotic neutrophils than their 
naïve counterparts, in all three replicate experiments. The ability of NeM to 
phagocytose apoptotic cells was not dependent on IL-4 as we did not observe a 
significant difference between the WT and IL-4 -I- NeM. The high phagocytic potential 
for apoptotic cells in NeM is probably reflective of the chronicity of the infection with 
B. malayi, triggering anti-inflammatory responses, in contrast to the short-term, acute 
inflammation induced by injection with thioglycollate. 
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2.3. Visualisation of phagocytosis by thioglycollate recruited 
macrophages and NeM4 
A 	 B<, 	I 
C 
- 
C 	 D• 
10 
Fig. 7.4. Phagocytosis of latex beads and apoptIi.. iltult 1pIIlk. 
Photographs of C57BL/6 cultured macrophages (A-D) or cytocentrifuge 
preparations (E) that have been incubated with latex beads or apoptotic 
neutrophils. A, B. Phagocytosis of latex beads by thioglycollate recruited 
macrophages (A) and NeM0 (B). C, D. Phagocytosis of DMB-stained 
apoptotic neutrophils by thioglycollate recruited macrophages (C) and 
NeM0 (D). Arrows indicate representative macrophages that have 
phagocytosed. E. Cytocentriguge preparation of an F4/80 positive NeM0 
(red) that has phagocytosed a FITC-labelled neutrophil (green). 
In addition to the phagocytic assay by flow cytometry, we also fixed WT thio and NeM4 
after incubation with latex beads or apoptotic neutrophils for visualisation under the 
microscope (Fig. 7.4). Both macrophage groups showed very different cell morphology. 
Whereas the thioglycoUate recruited macrophages were tightly adherent with spread-out 
processes, the NeM had a round, ball-like shape. Although it was easy to visualise the 
phagocytosed apoptotic neutrophils, stained with DMB and hydrogen peroxide, the 
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visualisation of the latex beads was difficult in NeM. Indeed, their rounded phenotype 
made it necessary to focus up and down in order to find the latex beads. This shows 
another benefit from performing the phagocytic assay by flow cytometry, where the 
FITC-labelling of the latex beads allowed the easy detection of positive cells. 
We also prepared cytocentrifuge preparations of the samples prepared for flow 
cytometry. Fig. 7.4E is an example of a macrophage that has phagoytosed a FITC-
labelled neutrophil. However, cytocentrifuge preparations do not give an accurate 
representation of the macrophage cell morphology, in contrast to microscopic 
visualisation of cultured macrophages. Thus, both methods of assessing the phagocytic 
potential of the macrophages provided distinct yet important information on the potential 
anti-inflammatory role of NeM4. 
3. Discussion 
One of the hypothesized functions of macrophages recruited to chronic settings is the 
resolution of inflammation by the production of anti-inflammatory factors and the 
clearance of apoptotic cells (Savill et al., 2000; Savill et al., 2002). In this chapter, we 
show that NeM have many anti-inflammatory characteristics including the IL-4 
dependent suppression of inflammatory chemokines and the phagocytosis of apoptotic 
neutrophils, which is not dependent on IL-4. 
NeM showed the downregulation of MIP- 1 u, MIP- 113  and MIP-2 expression in 
comparison to naïve, resident macrophages. This effect was partly dependent on IL-4, as 
IL-4 -I- NeM showed higher expression of these genes. In support of our data, IL-4 has 
previously been shown in vitro to reduce the expression of inflammatory chemokines in 
Listeria-infected macrophages (Flesch et al., 1998). By quantitative real-time RT-PCR, 
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we observed that IL-4 -I- NeM4 still showed lower expression of MIP- 1 a and MIP- 1 3 in 
comparison to their naïve counterparts. This implies that IL-4 may not be the only factor 
inhibiting the production of pro-inflammatory mediators. Other factors that may 
contribute to this effect include the anti-inflammatory cytokines TGF-3 and IL-lO 
(Goerdt et al., 1999), and the phagocytosis of apoptotic cells by the macrophages at the 
site of inflammation (Voll et al., 1997). 
NeM4 also showed greater phagocytic potential for apoptotic neutrophils than naïve, 
thioglycollate recruited macrophages. The phagocytosis of apoptotic cells is a profound 
anti-inflammatory mechanism that is mediated by many receptor-dependent pathways 
(Aderem et al., 1999). We have not yet identified the cell surface molecules involved in 
the uptake of apoptotic cells by NeM. Preliminary FACS analysis with antibodies to 
the vitronectin receptor a133  and CD36 showed that these cell surface molecules were 
not noticeably upregulated in NeM in comparison to control macrophages (data not 
shown). The NeM EST analyses revealed the expression of the scavenger receptor-a 
and thrombospondin by NeM (Loke et al., 2002); two proteins that have been 
implicated in the uptake of apoptotic cells (Savill et al., 1992; Platt et al., 1996). 
Phagocytosis assays with blocking antibodies to candidate cell surface molecules would 
be necessary to determine the proteins involved in the uptake of apoptotic cells by 
NeM. 
The increased phagocytic capacity of NeM is probably due to many factors induced by 
the filarial nematode infection. Glucocorticoids represent a main candidate as they are 
induced in chronic inflammatory situations, and act to promote the efficient uptake of 
apoptotic cells (Liu et al., 1999; Morand et al., 1999). The NeM EST library revealed 
the expression of Fc y receptor III (Loke. et al., 2002). This surface molecule is 
upregulated in response to the synthetic glucocorticoid dexamethasone (Dx) (Giles et al., 
2001), implying that NeM differentiation is influenced by glucocorticoids. In addition, 
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the morphologic phenotype of NeM is surprisingly similar to Dx-treated macrophages. 
Treatment with Dx causes alteration in the adhesion-signalling pathway involving 
paxillin and p130Cas, resulting in a change in macrophage cytoskeletal organsation. The 
Dx-treated macrophages are consequently more rounded and less adherent. This change 
in morphology is linked with the increased phagocytosis of apoptotic neutrophils. The 
administration of glucocorticoid antagonists during implant with B. malayi (Okada et al., 
1992), the adrenalectomy of mice prior to implant, or the use of 1113 HSD1 -I- mice, 
which show deficiency in glucocorticoid responsiveness (Kotelevtsev et al., 1997), 
would allow us to specifically study the role of glucocorticoids in the enhanced 
phagocytic capacity of NeM4. 
Although IL-4 has been implicated in the generation of active glucocorticoids 
(Thieringer et al., 2001), IL-4 -I- NeM did not show significantly reduced ability to 
phagocytose apoptotic neutrophils. In vitro studies have shown that IL-4 treatment of 
macrophages may in fact decrease apoptotic cell uptake (Erwig et al., 1998). Although 
the proportion of neutrophils is greater in B. malayi implanted IL-4 -I- mice (chapter 6), 
our results show that this is probably not caused by a reduced capacity of the 
macrophages to phagocytose neutrophils. 
The downregulation of pro-inflammatory chemokines and the enhanced phagocytic 
capacity for apoptotic neutrophils are additional characteristics of the potential immuno-
downmodulatory role of NeM, which includes proliferative suppression and the 
production of TGF-13 (Loke et al., 2000; Loke et al., 2000). Nevertheless, implant with 
B. malayi results in the establishment of a long-term cellular infiltrate in the peritoneal 
cavity due to the failure to clear the adult parasite. It would be interesting to see whether 
interference with the phagocytic capacity of NeM would exacerbate inflammation. 
However, further ex vivo studies on the mechanisms of phagocytosis by NeM4 would be 
required. 
Anti-inflammatory function 	 133 
Chapter 7 
It is likely that NeM have other functions than the regulation of inflammation. The 
abundant secretion of Ymi suggests an effector function by the recruitment of 
eosinophils and/or a role in the wound healing process by extracellular matrix deposition 
(see discussion, chapter 3). Many glycoproteins have been implicated in the recognition 
of apoptotic cells (Ogden et al., 2001; Peiser et al., 2002). Recently, the secreted 
glycoprotein MFG-E8 was identified, which binds to apoptotic cells and mediates their 
phagocytosis through the involvement of a,j3 3 (Hanayama et al., 2002). It would be 
interesting to investigate whether Ymi, by its carbohydrate binding properties, may 
similarly be involved in the recognition of apoptotic cells. However, the fact that IL-4 -I-
NeM, where Ymi expression is abrogated, can phagocytose apoptotic neutrophils as 
well as WT NeM suggests that Ymi may not play a critical role in this process. 
In previous chapters, we have shown that many NeM characteristics, such as 
proliferative suppression and the expression of Fizz 1 and Ym 1, are highly dependent on 
IL-4. The anti-inflammatory characteristics of NeM described in this chapter, 
specifically the IL-4 independent enhanced phagocytic potential for apoptotic cells, 
suggest that the function of these macrophages is complex, and additionally influenced 
by factors other than IL-4. 




Helminth parasites are highly complex, multi-cellular organisms that have developed 
numerous mechanisms of immune subversion in order to establish long-term infections 
within the host. The immune response generated by infection with these parasites 
involves both immunosuppressive factors as well as a bias towards a Th2 cytokine 
response (Maizels and Yazdanbakhsh, 2003). Using a murine model of filariasis, we 
have identified macrophages of unique functional phenotype that are likely to be 
important players in the immune modulation driven by the nematode parasite. NeM can 
profoundly suppress the proliferation of T cells and a wide range of tumour cell lines, 
although they are still efficient antigen presenting cells that can mediate antigen-specific 
cytokine production (Loke et al., 2000a; Loke et al., 2000b). Due to the striking IL-4 
dependence of their phenotype (MacDonald et al., 1998), the investigation of these 
macrophages has allowed us to increase our understanding of macrophages activated in 
vivo by IL-4. NeM4 are also exposed to factors other than IL-4, which are generated due 
to the long-term persistence of the adult parasite, and therefore provide an ideal model 
for the investigation of macrophages in chronic Th2 mediated inflammation. 
1. NeM are a source of in vivo derived AAM 
Research on macrophage activation has mainly involved the extensive study of 
classically activated macrophages and their critical importance in microbial killing. 
However, the concept of heterogeneity in macrophage function, with each macrophage 
group having distinct physiologies and playing important immunological roles, is 
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becoming more widely appreciated (Gordon, 2003). Indeed, in this thesis we show that 
NeM, activated in vivo by IL-4 and recruited during the chronic stages of infection, 
show a unique transcription profile including the expression of novel genes, and are 
likely to play significant roles in the immune response to the parasite and the control of 
chronic inflammation. 
Since studies of alternative activation of macrophages by IL-4 in vivo were scarce, we 
first exploited our B. malayi implant model to identify the genes that determined the IL-
4 dependent phenotype of NeM. Analysis of the IL-4 NeM subtractive library and 
subsequent verification by RNA and protein analysis, revealed the striking IL-4 
dependent secretion of Fizz 1 and Ym 1, two proteins whose importance in Th2 activated 
macrophages is becoming more widely appreciated (Loke et al., 2002; Raes et al., 2002; 
chapter 3). NeM also showed IL-4 dependent upregulation of Arginasel, an established 
in vitro marker for alternative activation. The striking IL-4 dependent upregulation of 
the secreted proteins Fizzi and Ymi implies that alternative activation of macrophages 
is not a default pathway, but involves the expression of a distinct set of genes that may 
have important effector and regulatory roles. 
2. NeM show IL-4 dependent and independent 
characteristics 
The IL-4 dependent phenotype of NeM, including the suppression of proliferation and 
the high expression of Fizz 1 and Ym 1, could be partly replicated by in vitro treatment 
with IL-4, confirming that IL-4 was the main driving factor for NeM differentiation 
(Nair et al., 2003; chapter 4). Nevertheless, the morphology of NeM differed from IL-4 
treated' macrophages, implying additional influence by other factors. Indeed, NeM had 
IL-4 independent anti-inflammatory characteristics, notably the enhanced capacity to 
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phagocytose apoptotic neutrophils (chapter 7). Both the NeM cell morphology and the 
increased phagocytic capacity for apoptotic cells imply that these macrophages are 
subject to the effects of IL- 10 and glucocorticoids. These are likely to be predominant in 
the chronic inflammatory environment established by the persistent infection with adult 
parasites. Nevertheless, IL-4 did cause the downregulation of pro-inflammatory 
chemokine expression in NeM, indicating that it has overlapping functions with IL-b 
and glucocorticoids (chapter 7). NeM are likely to be important players at multiple 
levels in B. malayi infection. As well as controlling inflammation through the 
phagocytosis of apoptotic cells, NeM also have other properties; they are efficient 
antigen presenting cells with high MHC class II and co-stimulatory ligand expression 
(chapter 4), and express Arginasel, Fizzi and Ymi (chapter 3), genes that have not been 
associated with IL- 10 differentiated anti-inflammatory macrophages (Lang et al., 2002). 
3. Link between NeM and alveolar macrophages 
NeM are surprisingly similar to alveolar macrophages in the lungs, both in gene 
expression and by their regulatory phenotype. Fizzi and Ymi expression in the lungs 
has been reported by our lab and others. Although Ymi expression by alveolar 
macrophages has been observed (Hung et al., 2002), whether Fizz 1 is expressed by 
alveolar macrophages remains unclear. Fizzl was first discovered in an airway allergic 
inflammation model, where Holcomb et al. detected its expression by 
immunohistochemistry in pneumocytes of the alveolar epithelium (Holcomb et al., 
2000). In light of our finding and others that Fizzi is expressed by macrophages, the 
potential expression of this gene by alveolar macrophages warrants further investigation. 
The immune responses during parasite infection and allergy are remarkably similar 
largely due to the Th2 cytokine skewing. Similarly to NeM, alveolar macrophages also 
suppress T cell proliferation and additionally downmodulate immune responses through 
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other mechanisms. In the alveoli, it is especially important to downregulate I cell 
responses against irrelevant antigens to prevent unnecessary inflammation and tissue 
damage. It is possible that over the course of evolution, helminths have exploited the 
Th2 arm of the immune response to prevent Thi effector mechanisms against them. 
4. NeM are not terminally differentiated 
Despite the complex cytokine environment influencing the activation of NeM, these 
highly differentiated cells did not represent a dead end in terms of macrophage function, 
and LPS and IFN-y could reverse their suppressive phenotype and downregulate the 
expression of the IL-4 dependent markers Arginasel, Fizzi and Ymi (chapter 4). 
Further, the 'classically activated' NeM produced high levels of nitric oxide, and 
showed increased surface expression of MHC class II and co-stimulatory ligands. Thus, 
despite being present in a chronic inflammatory environment with constant exposure to 
Th2 cytokines and immunosuppressive factors, NeM are still fully capable of 
responding to other activating signals. It would be relevant to investigate the time frame 
of NeM differentiation to see whether NeM at 3 weeks post implant represent a long-
lived stable population from early on in infection, or whether there is a constant turnover 
of macrophages, with cells being repeatedly recruited and activated. If the same 
macrophages persisted long-term within the peritoneal cavity, their ability to revert their 
phenotype would be even more surprising. According to studies from our lab following 
the kinetics of proliferative suppression and gene expression, the macrophages recruited 
from as early as 7 days and as late as 4 weeks post infection seem to represent a 
homogeneous population with comparable suppressive ability and levels of Fizz! and 
Ymi expression (lain Gallagher, personal communication). 
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5. Impact of macrophage plasticity in vivo 
The ability of NeM to be activated by Thi cytokines and microbial stimuli, to an even 
greater extent than naïve macrophages, has significant implications for the host immune 
response to filarial infection as well as secondary infections. Although nematodes drive 
Th2-biased immune responses, the dying of the adult worms results in the release of 
endosymbiont bacteria, which can trigger a Thi cytokine response (Taylor et al., 2000). 
Here, NeM could switch to a classical activation phenotype, which would affect the 
outcome of the filarial infection. The activation of the type 1 arm of the immune 
response has been linked to the chronic pathology observed in filariasis (Olszewski et 
al., 1992; Taylor et al., 2001). CAM could be actively involved in this process, through 
the release of pro-inflammatory cytokines, nitric oxide and other cytotoxic molecules. 
On the other hand, macrophage plasticity during filarial infection could have 
considerable advantages. In the field, filariasis patients are likely to be challenged by 
other infections of higher mortality rates, such as malaria, which require a Thi cytokine 
response for pathogen clearance. The ability of NeM4 to reverse their phenotype would 
allow the host to raise the appropriate response to the secondary infection, despite being 
chronically infected with filarial nematodes. This would be particularly relevant in 
infections where the classical activation of macrophages and the production of nitric 
oxide are essential for parasite killing, for example Leishmaniasis (Reiner and Locksley, 
1995). 
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6. Thl/Th2 balance in mice from different genetic 
backgrounds; implications for NeM differentiation and 
resistance to filarial nematode infection 
The development of the NeM phenotype, including proliferative suppression and Fizz 1 
and Ymi expression, also occurred during infection with L. sigmodontis. Thus, NeM 
are not specific to B. malayi implant, but may be broadly relevant to filarial nematode 
infection. When studying both filarial infection models in genetically deficient BALB/c 
and C57BL/6 mouse strains, we observed that the mouse genetic background had a 
significant impact on NeM differentiation, although overall it was clear that the NeM 
phenotype was closely associated with Th2 cytokine responses (chapter 6). In C57BL16 
mice, IL-4 was the critical cytokine for NeM4 differentiation whereas in BALB/c mice, 
deficiency in both Th2 cytokines IL-4 and IL-13 was necessary to abrogate NeM 
function and gene expression. 
In the L. sigmodontis infection of the susceptible BALB/c mouse strain, the skewing of 
the immune response to a type 1 phenotype by abrogating IL-4 receptor signalling 
resulted in the clearance of adult parasites. Additionally, the macrophages recruited to 
the site of infection showed a switch to a type 1 response. Although the lack of IL-4 R 
signalling is unlikely to be relevant in vivo, it raises the question whether classical 
activation of macrophages may be more efficient at parasite killing than alternative 
activation by Th2 cytokines. Parasite killing may also be mediated by other IFN-y 
activated cell types. Neutrophils have been implicated in resistance to L. sigmodontis 
(Saeftel et al., 2001), and our observation that a greater proportion of neutrophils were 
recruited in the type 1 skewed IL-4 R -I- mice supports evidence that this cell type 
contributes to parasite killing. However, the type 1 bias in the IL-4 R -I- mice only 
eliminated the adult stage and was incapable of clearing the microfilariae, suggesting 
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that killing of different parasite life cycle stages may be mediated by different cytokine 
responses. During natural infection, it is likely that a balance between Thl/Th2 
responses must be reached for optimal clearance. 
7. Fizzl and Ymi in Th2 mediated immune responses 
One of the exciting findings of my thesis was the discovery of the striking IL-4 
dependent production of Fizz 1 and the chitinase-like protein Ymi (chapter 3). Although 
originally discovered in macrophages recruited during chronic infection with B. malayi, 
we have now shown that Fizz! and Ymi are consistent features of nematode infection, 
and are induced in both chronic infection with the filarial nematode L. sigmodontis and 
acute infection with the gastro-intestinal nematode N. brasiliensis (chapter 5). In the N. 
brasiliensis model, we also observed the induction of other Fizz and chitinase family 
members at the site of infection, implicating these protein families in defence against 
nematodes. However, Fizz 1 and Ymi were also expressed in vivo by B cells and 
dendritic cells of the draining lymph nodes of B. malayi infected mice, expanding the 
potential function of these proteins. In support of these findings, we could also induce 
gene expression in antigen presenting cells by in vitro treatment with IL-4. This implies 
that Fizzi and Ymi are not restricted to nematode infection but probably play important 
roles in all Th2 mediated inflammation. Strikingly, we could not detect Fizz 1 and Ymi 
in T cells in our in vitro and in vivo models. This expression pattern suggests a function 
for these proteins in influencing antigen presentation and I cell function. 
Although the expression pattern of Fizz! and Yml was strikingly similar, both proteins 
have different properties that suggest distinct functions in vivo. Ymi may play a 
defensive role against filarial infection. In infection of resistant mice with L. 
sigmodontis, the dying adult worms are often encapsulated in granulomas consisting 
predominantly of macrophages and eosinophils (Le Goff et al., 2002; Le Goff et al., 
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2000). As Ymi has been shown to have eosinophil chemotactic activity, its high level 
secretion by NeM may allow the recruitment of eosinophils that could contribute to 
parasite killing (Meeusen and Balic, 2000). The function of Ymi in mediating 
extracellular matrix deposition has also been proposed (Jin et al., 1998; Sun et al., 2001). 
NeM may contribute to the granuloma formation around the adult parasites through the 
combined action of Arginasel and Ymi. The function of these proteins is unlikely to be 
restricted to nematode infection and they may also have a general role in tissue repair 
following inflammation through extracellular matrix and collagen deposition (Hesse et 
al., 2001; Jin et al., 1998). These two functions may be overlapping, and granuloma 
formation may represent an attempt to 'heal a wound' through encapsulation of the 
parasite. Ymi and other chitinases may have first evolved to perform one function and 
then become utilised for the second. Additionally, Ymi can bind heparin (Chang et al., 
2001), a glycan that is abundant on the surface of cells. APCs may secrete Ymi in the 
draining lymph nodes in order to mediate APC to T cell interactions. 
The properties of Fizzi are less well characterised than Ymi. Fizzi is expressed by a 
wide range of cell types, including epithelial cells in the lung and adipocytes (Holcomb 
et al., 2000; Steppan et al., 2001). In vitro Holcomb et al. showed that Fizz 1 could 
inhibit the action of NGF and proposed a role for Fizz 1 in the control of inflamed tissue 
responses. Consistent with other studies (Raes et al., 2002), the high expression of Fizz 1 
in Th2 activated macrophages expands its potential function. Our finding that Fizz 1 is 
additionally expressed in B cells and dendritic cells of the lymph nodes implies that it 
may have a more localised role in regulating cellular responses than originally proposed 
(Holcomb et al., 2000). Its restricted expression to antigen presenting cells implies a role 
in regulating T cell responses. As T cells have receptors for NGF (Bonini et al., 2003), 
this regulation could be through the control of T cell responsiveness to NGF as well as 
though other mechanisms. Although the high level expression of Fizz 1 at the site of 
nematode infection suggests a possible effector function, no properties of Fizz 1 
described to date fit that role. In light of the regulatory properties described and our 
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finding that Fizz 1 is expressed consistently in Th2 mediated immune responses, it is 
tempting to put forward a role for Fizz 1 in controlling Th2 inflammation in a similar 
manner to the regulation of type 1 inflammation by IL-lO. In contrast to IL-lO however, 
Fizz 1 is not expressed by T cells and its function may therefore be more specific. 
In light of the existence of human homologues for both Fizzi and Ymi, it is clear that 
further investigation of these proteins may have therapeutic consequences, allowing a 
better understanding of the mechanism of Th2 mediated inflammation and potential 
ways to control it. Investigation of their effector and/or regulatory function specifically 
in antigen presenting cells forms the basis of my future work in the lab. 
Conclusions 
The research described in my thesis has allowed the better understanding of 
macrophages recruited in response to nematode infection, but also applies more broadly 
to the function of macrophages activated in chronic type 2 mediated inflammation. 
Investigation of the IL-4 dependent genes in NeM also allowed the discovery of Fizz 1 
and Ymi. Fizzi and Ymi are consistently induced in Th2 immune responses and are not 
restricted to the macrophage population, expanding their potential functions in this 
context. 
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Resolution of inflammation 
IL-4/II L 	 Wound Healing 
Effector Function: 	 / 
Arginasel,Ymi IL411L13 
Resolution of Inflammation: 	Wound Healing: 
inflammatory chemokines Arginasel, Ymi 
Phagocytosis of apoptotic cells 
Regulatory Function: Fizzi? 
The findings from my thesis have shown that NeMcp act at multiple stages of the immune 
response to nematodes (Fig. 8.1). The high expression of Ymi and Arginasel by NeM 
may have an effector function against the parasite and/or may be an attempt to repair the 
tissue damage induced by inflammation. NeMo may additionally participate in 
downregulating inflammation through the phagocytosis of apoptotic cells. Finally, 
NeMo may also play an active regulatory role at all stages of the immune response 
through the high level secretion of Fizz 1. 
Discussion 	 144 
Appendix 1 
Appendix 1 
Investigation of novel clones from the 
IL-4 NeM subtractive library 
(This appendix provides additional information regarding the investigation of the novel 
clones from the IL-4 NeM4 subtractive library described in chapter 3) 
1. Investigation of novel clones 
(performed with the help of Gillian Grady) 
When the subtractive library was initially blasted against the NCBI database (see chapter 
3), 10 sequences did not show any hits in either the published nor the EST library 
databases. We chose to investigate further these clones with the aim to identify 
completely novel IL-4 dependent macrophage genes. This involved preparing mini-preps 
from the glycerol stocks, followed by restriction digest with BstXl, in order to estimate 
the size of the insert. Finally, we sequenced the inserts from both ends using T7 and 
pcDNAREV primers (see Fig 3.1, chapter 3 for vector diagram). Upon re-sequencing of 
these novel clones, we found that 4 inserts consisted of concatamers of the adaptor 
sequence, one insert matched a published gene (adipocyte differentiation-related protein, 
ADRP), and one insert matched an EST clone (similar to mouse extracellular proteinase 
inhibitor), although functional significance of this gene is still unclear. We also 
discarded two other clones as they were very small inserts and were AT-rich, implying 
3' untranslated regions. Thus, only two clones were selected for further analysis: O1A1 
(435 b.p.) and 02G2 (379 b.p.). 
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We designed primers for clones O1A1 and 02G2 to verify IL-4 dependence by RT-PCR 
of WT and IL-4 -I- peritoneal resident macrophages and NeM. To our surprise we saw 
that O1A1 was only expressed in I1,44- control and infected mice. We only managed to 
detect very low levels of 02G2 despite PCR optimisation using mini-preps of the vector 
as positive controls. This implied low levels of 02G2 transcripts in NeM4. This was 
probably expected as both clones were only represented once in the subtractive library 
and did not appear in the NeM4 EST library. As we did not observe high levels of 
expression of both novel genes in NeM, we did not pursue their characterisation. 
2. Problems encountered with the automated 
sequencing from MWG-Biotech 
2.1. Failed sequences 
The design of the IL-4 subtractive library involved the ligation of the cDNA inserts in a 
mammalian expression vector (Fig. 3.1, chapter 3). The construction of the library did 
not involve directional cloning of the inserts, thus ligation could occur in both 
orientations. Thus, only 50% of the clones would have inserts ligated in the correct 5' 
orientation and could be expressed successfully. However, all clones can still be 
sequenced, providing information on what genes in NeM are IL-4 dependent. When 
sequencing the 10 novel clones from the IL-4 NeM subtractive library, we used primers 
from both the 5' and 3' ends of the vector. Since sequencing through the 3' poly A tail is 
generally difficult, this approach would ensure that one of sequences would be from the 
5' end of the insert. Although we would expect a 1:1 ratio of inserts ligated in the correct 
and reverse orientation, the sequencing results showed that all inserts were ligated in the 
reverse orientation. Further, in an independent experiment where I screened the 
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subtractive library for Fizz 1 inserts ligated in the correct orientation with the aim to 
express Fizzl in a mammalian expression system (see appendix 2), all 17 clones chosen 
were also ligated in the reverse orientation. Here, the colonies had been selected on the 
basis of the sequence data from the library analysis, whichshowed that the inserts were 
of correct sequence and full length. 
This finding suggests that the sequencing performed by MWG-Biotech from the 5' end 
of the vector, using the pcDNA 3.1 FOR primer (Fig. 3.1, chapter 3), may have failed. 
Hence, the only successful sequences would have been from clones with inserts ligated 
in the reverse orientation, and sequenced from the pcDNA 3.1 REV primer. This could 
explain the surprisingly low success rate of the sequences (24%), in contrast to our 
small-scale analysis of the library, which gave a 72% success rate (see chapter 3). 
When we sequenced the clone 02A1 1 (one of the novel sequences from the subtractive 
library), we found that it was inserted in the correct orientation. However, the sequence 
did not match the original 02A1 1 sequence. We found that the mismatching of clones 
was due to mislabelling by the company (discussed below). The 02A11 clone we 
sequenced gave good quality sequence and was identified as ADRP when blasted against 
the NCBI database. This gene had not been observed in the original sequencing of the 
library by the company implying that sequencing of this clone had failed. This would 
favour the hypothesis that sequencing of clones with inserts in the correct orientation 
had failed, rather than the preferential ligation of all the inserts in the reverse orientation. 
2.2. Mislabelled clones 
When sequencing the novel clones, we found that some of the clones did not match the 
sequences in the library. After discussion with John Parkinson, who assisted with the 
bioinformatics, we realised that this was due to the automated numbering of the clones 
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by the company. Each clone was labelled according to the plate number (01 to 03) and 
the position on the 96-well plate (1 to 12). However, the coding information of the 
clones that John received from the company only gave accurate numbering from 1 to 9, 
meaning that we could not distinguish between clones 1, 10, 11 and 12. This is a 
significant problem, as we cannot accurately map some of the clones. 
We plan to re-sequence the 288 re-racked clones since an efficient sequencing facility is 
now set up in ICAPB. This would allow accurate racking of the clones as well as a 
higher sequencing success rate. 
Although more problematic than originally expected, the construction of a subtractive 
library was a highly powerful tool for identifying important genes expressed in 
macrophages activated in vivo by type 2 cytokines. Our finding that Fizz!, which had 
not been published at the time of the small-scale analysis of the subtractive library, was 
the most highly IL-4 dependent gene in NeM, led me to focus the main part of my 
research on the importance of Fizz 1 in type 2 immune responses. 
We initially chose a molecular biology technique in order to understand further what IL-
4 dependent genes determined the function of NeM. At the time the EST libraries were 
constructed, full gene Affymetrix technology was not readily available. However, we 
have now prepared purified RNA from WT NeM and IL-44- NeM and hope to 
discover more genes that characterise the unique NeM4 phenotype by Affymetrix array 
analysis (a collaboration is set up with A. Scott). 
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Recombinant Fizzi expression 
I. Bacterial recombinant expression 
Fizzl recombinant protein was expressed using the pET expression system (Novagen) 
for high T7 promoter-driven expression of recombinant proteins in E. coli (Fig. A2.1). 
We used the pET2I13 vector, as it allowed the fusion of a histidine tag to the carboxy 
termintis of the recombinant protein for easy purification using well-established 
protocols (Novagen). We also decided to construct a truncated Fizzi (rFizzl trunc) as a 
potential negative control for functional assays, where 7 amino acids from the carboxy 
terminus were omitted. These included two cysteine residues that are part of the 
conserved cysteine signature motif within the Fizz gene family (Holcomb et al., 2000), 
implying functional importance. For both recombinant proteins, we omitted the signal 
peptide sequence (a.a.1-23), which is necessary for the secretion of the protein from 
mammalian cells. 
Ndel 	 Xhol 
a.a.24 	 a.a.111/104 
Fig A2.I. Schematic Diagram of rFizzl/ Fizzi trunc expression 
FizzI/Fiz7l trunc were inserted without the leader peptide sequence (a.a. 1-23) into the ampicillin 
resistant (Ap) pET2lb expression vector using the NdeIJXhoI restriction sites. Expression is driven 
through the T7 promoter and a histidine (his) tag is introduced at the carboxy terminus of the 
recombinant protein 
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Initial expression in E. co/i BL21 (DE3) cells resulted in the restriction of rFizzl and 
rFizzl trunc proteins to the insoluble fraction. In order to improve solubility of the 
protein, we used 'origami' (DE3) pLysS competent cells (Novagen). The 'origami' 
strain has mutations in both the thioredoxin (trxB) and glutathione reductase (gor) genes, 
which results in improved disulfide bond formation in the cytoplasm. Fizz I has a highly 
cysteine-rich C-terminal suggesting disulfide bond formation in the tertiary structure of 
the native protein (McDonald and Hendrickson, 1993; Wittrup, 1995). Thus, the use of 
this strain would improve the proper folding of the recombinant proteins. Additionally, 
the strain carries the pLysS plasmid, which encodes an inhibitor of the T7 RNA 
polymerase. This allows more stringent control of protein expression, which may help to 
improve its solubility. 
Unfortunately, the use of the 'origami' strain did not improve the solubility of the 
protein (Fig. A2.2). We also lowered the temperature of induction to 30°C, and reduced 
the time of induction, but in all cases, the recombinant protein remained in the insoluble 
fraction. However, the insoluble fraction contained highly enriched rFIZZI and 
rFlZZltrunc (Fig. A2.2). 
rFizzl trunc. 	rFizzl 
/\ 
	
LAD. Inc. bod. ui. ui. so!. 	inc. bod. 




25 am I..i.I4 
15 - 	_  
Fig. A2.2. rFizzlfFizzl trunc is 
restricted to the inclusion bodies 
Expression of rFizz 1/Fizz I trunc. using 
the pET21B expression system in the 
'origami' pLysS E. coli strain. Samples 
were run on an SDS-PAGE protein gel 
and stained with Coomassie. (u.i. 
uninduced cells; sol. soluble fraction, 
inc. bod. varying volumes of purified 
inclusion bodies from cells induced 
overnight with IPTG; LAD. ladder in 
kDa). Predicted molecular weight: 
rFizzl (10.5 kDa), rFizzl trunc (9.5 
kDa). 
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We used the B-PER reagent (Pierce) to extract the inclusion bodies, yielding purified 
preparations of the recombinant proteins. Although these proteins were only soluble in 
high concentrations of urea, they were nevertheless useful as positive controls for 
western blots using our anti-peptide sera (Fig. A2.3; see chapter 3). 
LA b. 
pre.imrn. cz-Fizzl 
Fig. A2.3. Western blot of rFizzl 
Western blot of rFizzl with rabbit 
- .. 	pre-immune serum (pre.imm.) or 
anti-serum following immunisation 
with the Fizzi peptide (a-Fizzl). 
(LAD. ladder in kDa). We verified 
the presence of the histidine tag by 
• 	
performing a western with a-his (data 
not shown). 
There are several strategies to improve the solubilisation of bacterial recombinant 
proteins such as the 'protein refolding kit' by Novagen which allows the refolding and 
solubilisation of recombinant proteins. However, this method may still result in the 
improper folding of rFizzl, resulting in loss of function. Alternatively, we could avoid 
solubilisation protocols by using a more tightly regulated expression system, which 
would encourage proper folding and solubility of the protein. Blagoev et al. (Blagoev et 
al., 2002) obtained soluble rFizzl by using a more stringent expression system (pBAD, 
Invitrogen). Holcomb et al. performed functional studies, showing that bacterial rFizzl 
could inhibit the NGF-mediated survival of embryonic root ganglion neurones (Holcomb 
et al., 2000). This assay would allow us to test the functionality of our recombinant 
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proteins. Nevertheless, the expression of Fizz 1 in a mammalian system would increase 
the chances of obtaining a functional recombinant. 
2. Mammalian recombinant expression 
The NeM EST library and the subtractive library were constructed in mammalian 
expression vectors; pCMV-Script (Stratagene) and pcDNA3.1/V5-His-TOPO 
(Invitrogen) respectively (Loke et al., 2002) (see chapter 3) that would allow the rapid 
expression of the inserts of interest in mammalian cells. We screened the libraries for 
Fizz 1 clones of correct sequence and orientation. We could not find any appropriate 
clone from the subtractive library as all the Fizz 1 clones were inserted in the reverse 
orientation (see Appendix 1). We selected two clones from the NeM4 EST library, 
which had the full length, in-frame Fizz! coding sequence and prepared maxi-preps for 
expression in mammalian COS cells (ATCC; kind gift from the Blackburn lab). We 
performed a trial expression experiment using the Fugene 6 transfection system (Roche) 
but could not detect Fizz 1 expression by western blot of the cell supernatant or cell 
lysate (data not shown). Future work on the optimisation of this expression system 
would be required. The presence of 5' UTR (100 b.p.) and 3' UTR (200b.p.) in the 
inserts used could have interfered with protein expression. A better method of 
expression would involve the cloning of just the coding region of Fizz 1 into a 
mammalian expression vector that would allow fusion to a histidine tag. This would 
prevent interference by the Fizzi 5' and 3' UTR, and the histidine tag would allow easy 
purification of the recombinant protein. 
Although we plan to generate rFizzl/rFizzl trunc for functional assays, we would also 
like to focus on the function of Fizzi in APC and therefore plan to generate Fizzi-
expressing macrophages and dendritic cells for in vitro and in vivo functional assays. 
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Abstract 
Background: "Alternatively-activated" macrophages are found in Th2-mediated inflammatory 
settings such as nematode infection and allergic pulmonary inflammation. Due in part to a lack of 
markers, these cells have not been well characterized in vivo and their function remains unknown. 
Results: We have used murine macrophages elicited by nematode infection (NeM4) as a source 
of in vivo derived alternatively activated macrophages. Using three distinct yet complementary 
molecular approaches we have established a gene expression profile of alternatively activated 
macrophages and identified macrophage genes that are regulated in vivo by IL-4. First, genes 
abundantly expressed were identified by an expressed sequence tag strategy. Second, an array of 
1176 known mouse genes was screened for differential expression between NeM4 from wild type 
or IL-4 deficient mice. Third, a subtractive library was screened to identify novel IL-4 dependent 
macrophage genes. Differential expression was confirmed by real time RT-PCR analysis. 
Conclusions: Our data demonstrate that alternatively activated macrophages generated in vivo 
have a gene expression profile distinct from any macrophage population described to date. Several 
of the genes we identified, including those most abundantly expressed, have not previously been 
associated with macrophages and thus this study provides unique new information regarding the 
phenotype of macrophages found in Th2-mediated, chronic inflammatory settings. Our data also 
provide additional in vivo evidence for parallels between the inflammatory processes involved in 
nematode infection and allergy. 
Background 
Macrophages play a crucial role in innate as well as adap-
tive immune responses to pathogens, and are thought to 
be critical mediators of many chronic inflammatory dis-
eases [1-4]. During inflammation, the signals that mono-
cytes encounter during migration to the inflammatory site 
direct their maturation into macrophages with distinct 
phenotypes. The best-studied macrophage phenotype is 
the classically-activated macrophage which develops in re-
sponse to pro-inflammatory stimuli such as Thi cytokines 
or bacterial products. Activation of macrophages by bacte-
rial products such as LPS and CpC DNA often occurs as a 
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result of engaging receptors of the Toll family 1 5 1 ,  leading 
to the activation of microbicidal and pro-inflammatory 
pathways. The activation status of macrophages can deter -
mine whether infection is resolved successfully or 
progresses to a chronic state [61. Accordingly, live intracel-
lular pathogens such as Leishmania [7,8], Toxoplasma 1 9 1 
and Mycobacteria [10] modulate macrophage phenotype 
as effective immune evasion strategies. 
In contrast to intracellular pathogens, little is known 
about the behavior or function of macrophages after ex-
posure to extracellular nematode parasites. Nematodes 
generally induce a Th2 cytokine response and as with al-
lergic inflammation, macrophages and eosinophils are 
prominent components of the cellular infiltrate associat-
ed with infection. Macrophages that differentiate in the 
presence of Th2 cytokines have been called alternatively-
activated macrophages 1111 to distinguish them from clas-
sically-activated macrophages. Although IL-4 and IL-13 
activated macrophages have been described in several in 
vitro systems [12-14], studies describing the recruitment 
or activation of these cells in vivo remain scarce. Further-
more, relative to pro-inflammatory Thi pathways, the in-
fluence ofTh2 activation signals or IL-4 on the phenotype 
and gene expression profiles of these macrophages is 
poorly understood. 
We have previously described the induction of an alterna-
tively activated macrophage population in mice implant-
ed intraperitoneally with the filarial nematode Brugia 
malayi 115,161. In these mice, which develop a profound 
Th2-type immune response, macrophages and eosi-
nophils are recruited in high numbers to the site of para-
site infection [17]. The composition of the peritoneal 
exudate is stable for many weeks with little overt patholo-
gy for the host or damage to the parasite. These nematode 
elicited macrophages (NeM4) thus represent an in vivo 
model for macrophages found in chronic inflammatory 
settings with high levels of Th2 cell activation. NeMo pos-
sess several distinctive characteristics, the most striking of 
which is the ability to profoundly suppress the prolifera-
tion of other cells with which they are co-cultured 115,161. 
The suppressive phenotype of these macrophages is de-
pendent on IL-4 since macrophages recruited in lL-4-defi-
cient mice are not suppressive [15,181. However, infected 
IL-4-deficient mice do not show either increased parasite 
burden or pathology [19], suggesting that suppressive 
macrophages in this setting are not essential for parasite 
survival. Interestingly, when these macrophages are used 
as antigen presenting cells to stimulate naïve T cells from 
TCR transgenic mice, they induce the differentiation of IL-
4 producing Th2 cells 1201. 
In this study, we used a combination of EST analysis, ex- 
pression array analysis and subtractive hybridization to 
establish a profile of IL-4 dependent gene expression in 
macrophages associated with nematode infection. Al-
though a recent serial analysis of gene expression (SAGE) 
study provided extensive and valuable information re-
garding gene expression by in vitro derived human macro-
phages 121,221, little is known about gene expression in 
this functional subset of macrophages that have been ac-
tivated in vivo under potent Th2 conditions. Our analysis 
validated that some genes known to be upregulated (e.g. 
arginase 1) or suppressed (e.g. MIP-la, MIP-1f3) in vitro by 
Th2 cytokines are indeed modulated in an IL-4 dependent 
manner in vivo. Importantly, a number of genes were iden-
tified that have not previously been associated with mac-
rophage function. Of significant interest, FIZZ1/RELM-cL 
123,241, a resistin homologue recently discovered in a 
murine model of asthma 1251, was identified as a major 
target of IL-4 action in macrophages. These analyses 
strengthen the link between allergic inflammation and 
helminth infection. In addition they suggest that repro-
gramming of gene expression by IL-4 and marked induc-
tion of novel secreted products such as FIZZ1/RELMt 
might define the progression to the chronic state charac-
teristic of these conditions. 
Results 
EST analysis of suppressive NeMØ 
We have previously shown that infection with B. malayi 
induces both suppressive macrophages and eosinophils 
in 'NT mice, and that the suppressive phenotype is intact 
in IL-S-I- mice 1151, in the absence of co-recruitment of 
eosinophils. We therefore carried out an EST project by 
randomly sequencing clones from a cDNA library con-
structed from F4/80 purified peritoneal macrophages that 
were recruited by Brugia malayi into the peritoneal cavity 
of IL-5f mice. This analysis provided a profile of the most 
abundantly expressed genes in the suppressive NeM. 
From this macrophage library, a total of 651 clones were 
sequenced, processed and clustered as described in the 
methods. Of these, 244 clones could be grouped into 48 
clusters containing two or more sequences. The remaining 
407 clones were unique in our dataset. The full dataset is 
available at http://nema.cap.ed.ac.uk/seq_tables/macro-
phage/macro.htmlj.  
This strategy identified a number of very abundantly ex-
pressed genes (Table 1). Strikingly, more than 10% of the 
clones that were sequenced encoded a novel eosinophil 
chemotactic factor (Yml/ECF-L) that shares close similar-
ity with chitinases 117,26-281. The second most abun-
dantly expressed transcript was FIZZ1 [251, a newly 
identified gene not previously associated with macro-
phage function. The observation that hepatic arginase 1 
was highly expressed was consistent with previous reports 
showing that this enzyme is dosely associated with alter-
native macrophage activation 1291. Other genes that were 
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Table I: Abundantly expressed genes in NeM 
No. of clones 	 % of dataset 	GenBank Match (accession no.) 
69 	 10.60 
13 1.99 
9 	 1.38 
8 1.23 
7 	 1.07 
7 1.07 
7 	 1.07 
4 0.61 
3 	 0.46 
3 0.46 
3 	 0.46 
3 0.46 
3 	 0.46 
3 0.46 
3 	 0.46 
Ym I /ECF-L (BAA 13458) 
FIZZ I/RELM-a (NP_065255) 
Cytoskeletal gamma-actin (NP_033739) 
Arginase I (NP_03 1508) 
Cytochrome oxidase subunit I (AB042432) 
EF- I -ALPHA- I /EF-TU (P20001) 
Serum amyloid A3 (NP_035445) 
Sp.alpha (AFO 18269) 
B(2)-microglobulin (M84367) 
Fibronectin (P1 1276) 
40 kDprotein (I 405340A) 
ATP synthase FO subunit 6 (NP_008 113) 
C4 complement (Ml 1789) 
acidic ribosomal phosphoprotein P0 (NP_03 1501) 
Fc gamma receptor III (AF 197930) 
abundantly expressed included serum amyloid A3 (SAA3, 
an acute phase protein 130]); Spa (a secreted scavenger re-
ceptor cysteine-rich protein [311); C4 complement and Fc 
gamma receptor III. 
Arginase I is an IL-4 dependent gene in viva 
Arginase 1 is an inducible enzyme that metabolizes L-ar-
ginine, and has been shown to be upregulated in a Stat6 
dependent manner by theTh2 cytokines IL-4 and IL-13 in 
vitro [29,32,33]. Arginase 1 competes with iNOS for L-ar-
ginine and thus can prevent nitric oxide release [33]. The 
abundant representation of arginase 1 in our EST dataset 
led us to test whether this gene was indeed upregulated in 
vivo as a result of exposure to a Th2 inducing nematode 
parasite. B. malayi were implanted into the peritoneal cav -
ity of WT and IL-4-/ C57BL/6 mice and the expression of 
arginase 1 assessed in the recovered PEC. Consistent with 
the observation that the addition of IL-4 in vitro could in-
duce arginase 1 [29,32,33], the lack of IL-4 in vivo prevent-
ed a significant upregulation of arginasel over that found 
in resident peritoneal cells (Figure 1A).These experiments 
were repeated with F4/80+ macrophages purified with 
magnetic beads (Figure 1B). The results with purified mac-
rophages were directly comparable to the results with to-
tal PEC verifying that macrophages were the source of 
upregulated arginase 1. 
Although IL-13 has also been shown to induce arginase 1 
upregulation [29,32] in vitro, the clear phenotypic differ-
ence between IL-4 deficient mice and WF mice suggests 
that IL-13 could not compensate in vivo for IL-4 in the in-
duction of arginase 1 at least in C57BL/6 mice. Since the 
induction of arginase 1 is one of the clearest indicators of 
alternative activation [2,11], these results were consistent 
with our designation of NeM4 as 'alternatively activated'. 
Our findings were also consistent with a recent study 
demonstrating that type 2 cytokines regulate arginase pro-
duction during helminth infection [34] 
Identification of IL-4-regulated NeM 0 genes using expres-
sion arrays 
Although the EST strategy was very informative about the 
most abundantly expressed genes in NeM, we wished 
also to identify IL-4 dependent genes that are transcribed 
at lower levels. We therefore compared expression of 1176 
known mouse genes using the Clontech Mouse 1.2 Atlas 
Array. The array contains a broad range of well-character-
ized genes involved in cellular pathways and functions, 
including cytokines, chemokines and associated receptors 
[http://atlas.dontech.com ]. In order to distinguish be-
tween genes upregulated during the recruitment/matura-
tion process and those whose expression was specific for 
parasite infection, we compared WI' thioglycollate elicited 
macrophages with NeM4 (Figure 2A). We then compared 
gene expression in NeM4 derived from IL-4 deficient mice 
and WI' mice (Figure 2B). From this approach we hoped 
to identify genes whose expression is altered by nematode 
infection in an IL-4 dependent manner. 
Of the 1176 genes on the array, 141 genes were expressed 
by at least one of the macrophage populations. The ex-
pression pattern of the majority of genes found on the 
Mouse 1.2 Atlas Array was very similar between the 3 dif-
ferent macrophage populations. However, exceptions in-
cluded genes that are upregulated by parasite infection but 
are apparently not IL-4 dependent such as IL-6 (Figure 2A 
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0 .- 
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0 .- 
C57/1316 	C57/1316 	IL-4" 	IL4" 
Control NeM4 Control NeM 
(pooled) 	(n=9) 	(pooled) 	(n=6) 
Figure I 
Arginase I expression is increased in response to par-
asite implant in C57BL16 but not IL-4 -I- mice. Real-
time PCR analysis of arginase I expression by total cells (A) 
or F4/80 purified macrophages (B) obtained from peritoneal 
lavages of implanted or control mice. For the purified NeM4, 
each cDNA sample was obtained from individual mice. For 
the purified control macrophages, the cDNA samples repre 
sent pooled macrophages from 5 mice. Expression levels 
were measured as a percentage of -Actin expression. Error 
bars represent one SD from the mean of each analysis. 
& 2B & 213). The most notable observation was that sever-
al pro-inflammatory cytokines and chemokines such ,as 
MIP-la, MIP-13 and MIP-2 were more highly expressed in 
the IL-4-defIcient NeMo relative to 'NT NeM (Figure 2C 
& 213). As a confirmation of the results observed on the ar-
ray, expression levels of several differentially expressed 
genes were further analyzed by real-time PCR. RNA was 
obtained from F4/80+ macrophages derived from WI' and 
lL-4-/- mice and both resident macrophages and NeM 
were assessed (Figure 213). These results confirmed that 
the capacity to produce several proinflammatory cy-
tokines has been abolished in alternatively activated mac-
rophages recruited under Th2 conditions. The 
suppression of proinflammatory cytokines is an IL-4 de-
pendent process, since macrophages recruited in IL-4 de-
ficient mice have not suppressed gene expression as 
effectively as the 'NT mice. Some genes, such as Mo plas-
minogen activator inhibitor 2 and P-selectin glycoprotein 
ligand 1, which appeared by array analysis to be differen-
tially regulated, failed to show differences on subsequent 
real-time PCR analysis. 
Few genes were identified that were upregulated in the Wi' 
macrophages compared to the IL-4 deficient macrophages 
and were specific for parasite infection. This is probably 
due to a bias in our knowledge (and thus on the array) to-
wards genes expressed in classically activated macrophag-
es in comparison to alternative activation pathways and 
associated factors. Indeed, many of the abundantly ex-
pressed genes from our EST project were not represented 
on the Mouse 1.2 Atlas Array. Hence alternative strategies 
are necessary for the identification of novel genes that 
could be involved in alternative activation. 
Comparative analysis of suppressive vs non-suppressive IL-
4 deficient macrophages 
In order to identify novel IL-4 dependent genes in the sup-
pressive NeM, a subtractive hybridization library was 
constructed, using biotinylated RNA from IL-4/ NeM to 
remove commonly expressed genes found in both WF and 
IL-4/ populations. A total of 5760 primary recombinants 
were recovered. The library was gridded onto nylon mem-
branes and was differentially screened for IL-4 dependent 
genes by probing separate membranes with cDNA from 
WI' and IL-4-/- NeM. Of the 288 clones selected for fur-
ther sequencing analysis, 66 yielded sequences greater 
than 150 bp. These were clustered and analyzed as de-
scribed in the methods. Sequences with significant simi-
larity to known genes are shown in Table 2. 
The most abundantly expressed clone (37.9%) in the sub-
tractive library was the second most abundantly expressed 
clone (2%) in the suppressive NeMo cDNA library. This 
gene is identical to recently described genes called FIZZ1 
[251 and RELM-a 1231. Analysis of the mouse EST se-
quences in dbEST revealed that expression of FIZZ1/ 
RELM-a was much more highly represented in our NeM4 
EST dataset (13/65 1) than in any other tissue type. 
To confirm that FIZZ 1/RELM-ct was regulated by IL-4 in vi-
vo, we compared the expression in PEC recovered from 
WI' or IL-41 mice implanted with B. malayi using quanti-
tative real-time PCR. Consistent with the results from the 
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Figure 2 
Mouse array analysis and real time PCR verfication. (A) Chart of the genes that showed the highest differential expres-
sion between NeMO and thioglycollate-recruited macrophages. Values represent the difference between the gene expression 
in WT NeMq and thioglycollate-recruited M4 (arbitrary units). (B) Chart showing the difference between the gene expression 
in WT NeMO and lL-4 -I- NeM. Genes selected for real-time PCR analysis are marked with an asterisk (*) (C) An example of 
a section of the Atlas array that contains MIP- I a (c), MIP- I 3 (d), MIP-2 (e). The left panel is probed with WT NeMO and the 
right panel with IL-4' NeM. This section also contains the genes: prothymosin beta 4 (a), insulin-like growth factor IA (b), 
GADPH (f), myosin I alpha (g), and ornithine decarboxylase (h), which are all not differentially expressed. (D) Verification of 
Atlas array results by real-time PCR. cDNA samples from F4180 purified macrophages from either resident peritoneal cells 
(con) or from parasite implanted mice (NeMt) were diluted and normalized to contain equal levels of -actin transcript (data 
not shown) before quantification of the different genes. Expression levels are shown in arbitrary units that are based on a com-
parison with -actin expression (designated as 10.000 units). The results shown represent the mean values of 2 experiments 
with independent sources of experimental macrophage RNA. 
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Table 2: Genes Identified in subtractive NeMo cDNA library 
No. of sequenced clones % of total sequenced clones GenBank Match (accession no.) 
25 	 37.88 
10 15.15 
2 	 3.03 
2 3.03 





I 	 1.51 
I 1.51 
1.51 
I 	 1.51 
1.51 
I 	 1.51 
I 1.51 
1.51 
I 	 1.51  
FIZZ I /RELM-u (NP_020509) 
Serum amyloid A3 (NP_0 11315) 
Similar to Rat RNA polymerase II transcription factor Sill or elongin B (L42855) 
Similar to extracellular proteinase inhibitor (BC002038) 
Metallopanstimulin I (NM_001030) 
Inhibitor of DNA binding 2 (BC00692 I) 
Adipocyte differentiation-related protein (M93275) 
Nlethallothionein-1 gene transcription activator (AA146152) 
Ring-box I or Rbxl (NM_019712) 
Cyclophilin (X52803) 
Thrombospondin (M62470) 
Ym I /ECF-L (D87757) 
Cellular apoptosis susceptibility gene (AF30 1152) 
Thymosin beta-4 (X16053.1) 
H3 histone (BC002052) 
CD9 antigen (NM_007657) 
Ribosomal protein S29 (NM_009093.l) 
I 6S ribosomal RNA (AYO 11146) 
subtractive hybridization, the lack of IL-4 in vivo prevent-
ed a significant upregulation of FIZZ1/RELM-a (Figure 3A 
& 3B). Expresssion was further analyzed using F4/80 puri-
fied macrophages. A 40-fold induction of gene expression 
at the level of mRNA, was found in WT NeM4 though ex-
pression remained basal in lL-4/ NeM (Figure 3C). 
Apart from FIZZI/RELM-ct, the acute phase protein SAA3 
was the most abundantly represented cluster in the sub-
tractive library dataset (Table 2). We are currently investi-
gating the implications of its production by alternatively 
activated macrophages. Also, six novel sequences were 
identified that had not been previously described in other 
EST projects as well as six genes sequences seen previously 
in other EST surveys but with no functional identification. 
We are currently in the process of characterizing these 
novel gene products. 
Discussion 
In this study, using NeMo as a source of alternatively acti-
vated macrophages, we have identified novel 'marker" 
genes that will be important in defining these cells in in-
flammatory responses in vivo. Our data also contributes to 
the evidence that genes identified in vitro (e.g. arginase) 
are expressed at elevated levels during Th2 mediated in-
flammation. Further, we have identified novel genes that 
could play important biological roles in the function of al-
ternatively activated macrophages. 
A key observation from our EST analysis was the high rep- 
resentation of relatively few transcripts. Our analysis 
would suggest that transcriptional activity of these macro-
phages is biased to relatively few genes that encode for se-
creted proteins not previously associated with 
macrophage function. Almost 10% of the transcripts in 
our alternatively activated macrophages encoded for a re-
cently recognized eosinophil chemotactic factor termed 
Yml/ECF-L. In subsequent analysis, we have found that 
Yml/ECF-L expression can be induced in macrophages by 
the secretion of a nematode homologue of macrophage 
migration inhibitory factor (MIF) 1171. These data suggest 
that macrophages can act as intermediaries in the recruit-
ment of eosinophils to the site of parasite residence. 
Futher, the extraordinarily high levels ofYmi expression 
by NeMø suggest the possibility that this molecule, a chi-
tin-binding protein 1281, may also act as an effector mol-
ecule through direct interaction with chitin-containing 
pathogens. 
One of the exciting findings to arise from this analysis was 
the discovery of a novel cysteine rich gene (FIZZ1/RELM-
(x) that was the second most abundantly expressed gene 
representing 2% of the NeM4 library. Two very recent un-
related publications have described this gene in entirely 
different contexts. Holcomb et al. demonstrated expres-
sion of this gene product in the bronchoalveolar lavage 
fluid of mice with OVA-induced pulmonary inflamma-
tion and termed it FIZZI (for found in inflammatory 
zone) 1251. In vitro studies showed that FIZZI could in-
hibit the nerve growth factor-mediated survival of rat neu-
rons, and thus it may modulate neuron function in the 
lungs and act to control the local tissue response to aller - 
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Figure 3 
FIZZ I/RELMt expression is increased in response to 
parasite implant in C57BU6 but not IL-4 -I- mice. 
Semiquantitative RT-PCR of FIZZI/RELMcx and j3-actin was 
performed on total RNA samples from the peritoneal lavages 
of individual mice (A). Real Time PCR analysis of FIZZ! 
expression by total cells (B) or F4/80 purified macrophages 
(C) obtained from peritoneal lavages of implanted or naive 
control mice. For the purified NeM, each cDNA sample was 
obtained from individual mice. For the purified control mac-
rophages, the cDNA samples represent pooled macrophages 
from groups of 2 or 3 mice for a total of 5 mice per control 
group. Expression levels were measured as a percentage of 
0-actin expression. Error bars represent one SD from the 
mean. 
gic inflammation. Strikingly, Holcomb et al. did not find 
the expression of this protein in the alveolar macrophages 
of the inflamed lung. 
FIZZ1 is a member of a family of tissue-specific genes with 
high similarity to resistin, termed 'resistin like molecules  
(RELM) 1231. Resistin was first described as a protein pro-
duced by adipocytes that can antagonize insulin action 
and thus may be an important link between diabetes and 
obesity [24]. FIZZ1 is identical to RELM-ct, a gene also ex-
pressed in white adipose tissue, as well as mammary tissue 
and tongue. Our results add a significant new dimension 
to the understanding of the biological role of FIZZ1/ 
RELM-ct by demonstrating that it is produced by activated 
macrophages and its upregulation is crucially dependent 
on IL-4. 
It is interesting to note that the FIZZ/RELM gene family 
may consist of genes that are highly induced upon expo-
sure of cells to exogenous stimuli. The majority of the 
mouse EST sequences submitted to dbEST thus far are 
from cDNA libraries made from normal tissues and there-
fore many interesting genes that are induced as a result of 
immune stimulation in vwo have not been identified. The 
expression of both Ymi and FIZZ by alternatively activat-
ed macrophages in vivo is validated by recent unpubhshed 
data with phospholipase-C-deficient T. bruce!. In these 
mouse studies, Ymi and FIZZ1 were identified in macro-
phage populations isolated during the late stage of infec-
tion where Th2 responses dominate but not from 
classically activated macrophages found early in infection 
(C. Hassanzadeh, personal communication). 
SAA3 was highly represented in both the NeMo library 
and the subtractive library. Serum amyloid A proteins are 
typel acute phase proteins that are rapidly synthesized 
following acute inflammation as a result of increased tran-
scription. The regulation of the mouse SAA3 gene expres-
sion has been especially well studied [35-371. Although it 
has been shown to be produced by macrophages [38] and 
is upregulated by such pro-inflammatory factors as LPS, 
IL-I and IL-6 [35,37,39], SAA3 is also induced by gluco-
corticoids and can be inhibited by IFN-y 1401. Interesting-
ly, it has recently been shown that NJFkB is involved in 
activation of SAA3 transcription [ 36 1. Although this gene 
is upregulated under 'classical' inflammatory conditions, 
we have found a strong representation of this gene in an 
IL-4 dependent manner under 'alternative" activation 
conditions. This suggests that there is a category of genes 
that are upregulated as a result of macrophage activation 
under any inflammatory conditions, which are distinct 
from genes that are upregulated only in response to "clas-
sical" or "alternative" activation conditions. It further em-
phasizes that macrophage subpopulations may not fit 
neatly into these activation categories and are likely to 
represent a wide spectrum of phenotypes. 
It is perhaps surprising that there was not a higher repre-
sentation of chemokines and cytokines in the ESTdataset. 
The only notable chemokine found was do, which has 
also been previously described as an IL-4 dependent gene 
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in macrophages 1411. The macrophages we observe may 
be representative of cells found in the later stages of 
chronic inflammation and the failure to observe signifi-
cant cytokine or chemokine responses may be due to tem-
poral effects; the expression of these effector molecules 
may have been and gone. The array analysis suggests that 
IL-4 specifically downregulates some pro-inflammatory 
chemokines such as MIP-lu, MIP-113 and MIP2. Downreg-
ulation of these chemokines has been previously observed 
[42,43] and this along with reduced iNOS expression has 
led to the assumption that alternatively activated macro-
phages are predominantly anti-inflammatory in function 
[11]. However, it is important to consider that these mac-
rophages are found in highly inflammatory settings and 
may themselves be involved in promoting Th2-mediated 
pathology seen in both allergy and helminth infection. 
For example, increased expression of arginase 1 is associ-
ated with collagen deposition and other fibrogenic fea-
tures [32]. This may be directly relevant to the pathology 
of filanal infection where elephantiasis is associated with 
infiltrates of macrophages and the deposition of thick col-
lagen fibre bundles [44]. Consistent with this are the re-
cent findings by Hesse et al. that arginase activated by type 
2 cyokines plays a pivotal role in the granulomatous pa-
thology in mice infected with Schistosoma mansoni[34). 
Conclusions 
The role of alternatively activated macrophages is still far 
from clear but these gene expression studies suggest that 
their designation as anti-inflammatory cells may not be a 
fully accurate reflection of their function. The high level 
expression of Ym 1 suggests that alternatively activated 
macrophages may play a role in eosinophil chemotaxis 
and thus promote rather than prevent inflammation. Fur -
ther, Ymi is a molecule involved in crystal deposition 
[45], a phenomenon with no known function but which 
may have the potential to directly damage tissues [46]. 
The IL-4 dependent expression of FIZZ1/RELM-ci suggests 
the possibility that these macrophages can regulate neuro-
immunological cross-talk. These hypotheses remain to be 
tested and we are currently trying to establish the in vivo 
functional roles of Yml/ECF-L and FIZZ1/RELM-a. Since 
these two genes have also recently been shown to be 
strongly induced in pulmonary inflammation, it suggests 
that 'alternatively" activated macrophages are key effector 
cells in mediating many different features ofTh2 associat-
ed inflammation. 
Materials and methods 
Preparation of in vivo derived alternatively activated mac-
rophages 
For all experiments, mice used were 6-8 week old male 
C57BL/6, either wild type (WT) or genetically deficient for 
IL-4 or IL-S. C57BL/6 IL-4 deficient (IL-4/) breeding pairs 
were purchased from B&K Universal Ltd. (North Humber- 
side, UK) with permission of the Institute of Genetics, 
University of Cologne. C57BL/6 IL-5 deficient (IL-51) 
mice were the kind gift of Prof. Manfred Kopf (Base!, Swit-
zerland). B. malayi adult parasites were removed from the 
peritoneal cavity of infected jirds purchased from TRS 
Laboratories (Athens, GA) or maintained in house. Mice 
were surgically implanted intra-peritoneally (i.p.) with 6 
live adult female B. malayi. Three weeks later the mice 
were euthanized by cardiac puncture and peritoneal exu-
date cells (PEC) were harvested by thorough washing of 
the peritoneal cavity with 15 ml of media (RPMI). Macro-
phages were purified by isolating adherent cells or by 
magnetic bead sorting as indicated in the text. When 
checked by flow cytometry, purification of macrophages 
by adherence typically yielded 80-85% F4/80 cells, 
whereas magnetic bead sorting yielded 90-95% F4/80 
cells. Before magnetic bead cell purification, PEC were 
passed through a 70j.tm cell strainer and purified by cen-
trifugation over Histopaque (Sigma) in order to remove 
any microfilariae. F4/80 macrophages were purified with 
biotin conjugated F4/80 (rat IgG2b; Caltag) and Strepta-
vidin Microbeads (Miltenyi Biotec), with either MS or 
VS-'- columns in conjunction with MiniMacs orVarioMacs 
magnet (Miltenyi Biotec). Macrophage purity was con-
firmed by both flow cytometry and cytospin analysis. 
cDNA library construction and EST analysis 
Total RNA from magnetically purified macrophages, ex-
tracted using RNAStat60 (Biogenesis), was used to synthe-
size cDNA and unidirectionally cloned into the pCMV-
Script plasmid vector, using the cDNA library construc-
tion kit (Stratagene, CA). Single clones from the unampli-
fled library were picked at random and the cDNA inserts 
were amplified using vector primers T3 and T7. Aliquots 
of the amplified PCR products were checked by agarose 
gel and inserts greater than 200 bp were selected for se-
quencing. PCR products were prepared for sequencing us-
ing shrimp alkaline phosphatase and exonuclease I 
(Amersham Pharmacia Biotech Ltd, Sweden) [47]. Inserts 
were sequenced using the 5' vector primer SAC 
(GGGAACAA AAGGFGGAG) and ABI Big DYE termina-
tors (Perkin Elmer Corporation, Cr). Sequencing reac-
tions were analysed using an ABI 377 automated 
sequencer. 
Bioinformatics 
Processing of ABI trace files was carried out using PHRED 
[48] (for basecalling) and cross_match [49] (for vector 
trimming). Only sequences 150 bp or longer were submit-
ted to dbEST and used in subsequent analyses. Sequences 
>= 150 bp in length were clustered on the basis of se-
quence similarity using an in-house program (Parkinson 
et al., unpublished). Clusters of sequences (which usually 
derive from one gene) were assembled into contigs using 
the program CAP3 [50]. 
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cDNA expression array analysis 
Transcripts from the RNA extracted from WI' and IL-41 
F4/80+ magnetically purified NeM4 were PCR amplified 
from cDNA tagged at the 5' and 3' ends during reverse 
transcription using the Generacer kit (Invitrogen). cDNA 
probes from thioglycollate elicited macrophages were 
generated as above, but macrophages were purified by ad-
herence instead of using magnetic beads. The resulting 
cDNA probes were labelled with 33p and hybridized to 
separate Mouse 1.2 Atlas Array (Clontech) nylon mem-
branes. The hybridization signal was quantified using Im-
ageQuant Mac version 1.2. Comparison of signals from 
the positive control genes on the array indicated that the 
labeling intensities of the cDNA probes from the different 
macrophage populations were comparable. Expression 
values for individual genes were calculated in arbitrary 
units relative to the strongest positive control hybridiza-
tion signal. 
Subtractive library construction 
Total RNA (1 g) from F4/80 purified peritoneal macro-
phages from B. malayi implanted WI' mice was converted 
into Ist strand cDNA using the Clontech SMART system. 
After synthesis of first strand cDNA from WI' macrophag-
es, 2 rounds of subtractive hybridization were undertaken 
with 20 tg RNA from peritoneal macrophages of IL-4 -/ 
mice infected with B. malayi, using the Invitrogen 'Sub-
tractor kit. After 2 rounds of subtractive hybridization 
and phenol-choloroform extraction, the remaining single 
stranded cDNA was PCR amplified for 25 cycles. The PCR 
products were then size fractionated and fractions repre-
senting different size PCR products were cloned separately 
into the eukaryotic expression vector (pcDNA3.1/V5/His-
TOPO) (Invitrogen). The ligated plasmids were trans-
formed into XL-10 gold ultracompetent cells (Stratagene). 
Subtractive library screen 
5760 clones were gridded in duplicate onto a 22.2 x 22.2 
cm nylon filter. cDNA from B. malayi recruited M4i from 
WI' and IL-41 mice were labeled with DIG-High Prime 
(Roche) and hybridized to separate nylon filters at 65°C. 
The filters were imaged using a Fuji LAS1000 and the re-
sultant images were analysed using ArrayVision 4.3 (Im-
aging Research Inc.). Two hundred and eighty -eight 
clones showing the greatest differential expression in WT 
MO were selected for subsequent analysis and sequenced 
by MWG-Biotech. The sequences were subjected to the 
same bioinformatics analyses as the FST sequences (see 
above). 
Quantitative RT-PCR analysis 
Total RNA was extracted in RNAStat60 (Biogenesis) and 
single-stranded cDNA was synthesised using MMLV re-
verse transcriptase (Stratagene). Relative quantification of 
the expression of the genes of interest was measured by 
real-time PCR, using the LightCycler (Roche Molecular Bi-
ochemicals). PCR amplifications were performed in 10 p.1, 
containing 1 p.1 cDNA, 4 mM MgCl 2 , 0.3 p.M primers and 
the LightCyder-DNA SYBR Green I mix. The reaction was 
performed in the following conditions: 30 s denaturation 
at 95°C, 5 s annealing of primers at 55°C and 12 s elonga-
tion at 72°C, for 40-60 cycles. The fluorescent DNA bind-
ing dye SYBR Green was monitored after each cycle at 
86°C. Five serial 1:5 dilutions of a positive control sample 
of cDNA were used as a standard curve in each reaction, 
and the expression levels of the genes of interest were 
measured as a percentage of -Actin expression. Semi-
quantitative PCR was carried out using Taq polymerase 
(Qiagen) for 30 cycles. PCR products were electro-
phoresed on 1% agarose gels and visualised by ethidium 
bromide staining. Primers for RF-PCR analysis were: 13-Ac-
tin: TGGAATCCTGTCGCATCCATGAAAC and TAAAACG 
CAGGITCAGTAACAGTCCG; product size 300 bp. FIZZ1: 
GGTCCCAGTGCATATC GATCAGACCATAGA and CAC-
C1'CITCACFCGAGGGACAGTFCGCACC; product size 
300 bp. 
List of abbreviations 
NeM: Nematode elicited macrophages, PEC: Peritoneal 
exudate cells; WT: wild type 
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Macrophages in chronic type 2 inflammation have a novel phenotype 
characterized by the abundant expression of Yrni and Fi. -z1 that can 
be partly replicated in vitro 
Meera G. Nair, Daniel W. Cochrane, Judith E. Allen * 
Institute of Cell, Animal and Population Biology. L!nwersity of Edinburgh, Edinburgh EH9 3JT, UK 
Abstract 
Using a murine model of nematode infection, we have discovered macrophages that display a novel phenotype that may be 
characteristic of macrophages in chronic type 2 inflammation. These nematode-elicited macrophages (NeM) are characterized by 
two unique features: the ability to actively suppress proliferation of a broad range of cell types and the high level expression of two 
novel macrophage genes. Yin! and Fi::!. NeM also show some similarities with in vitro-derived 'alternatiely activated 
macrophages' such as the downregulation of inflammatory cytokines. We therefore investigated how much of the phenotype 
discovered in viro could be replicated by activation with Th2 cytokines in vitro. Fl::! and Ymi were upregulated by IL-4 and lL-13 
in vitro but at a considerably lower level than in NeM. In vitro treatment with IL-4 could also partly replicate the ability of NeM 
to block cellular proliferation. As well as the quantitative differences in gene expression and suppressive phenotype, we also 
observed phenotypic differences in the cell morphology between macrophages activated in vivo and in vitro. Although this study 
illustrated that niacrophages activated in chronic inflammation have distinct features that cannot be readily reproduced in vitro it 
also demonstrated that some features of the complex NeM4 phenotype can be replicated by treatment of cultured macrophages with 
Th2 cytokines. In future, we hope to use in vitro analysis to help detne the pathways that lead to this distinctive in vivo macrophage 
phenotype. 
!' 2002 Elsevier Science B.V. All rights reserved. 
Keywords: Aflernative activation: Asthma: Uclrninlh 
I. Introduction 
Macrophages display a wide variety of phenotypes 
depending on the cytokine environment, tissue localisa-
tion and the time point in the inflammatory process. in 
the event of an infection, the first population of 
niacrophages recruited follow the well-defined classical 
activation pathway involving Toll receptor ligation and 
activation by ThI cytokines such as 1FN7. Classically 
activated macrophages, in addition to their fundamental 
role in pathogen clearance, also secrete pro-inflamma-
tory chemokines that further recruit other inflammatory 
effector cells to the site of infection [1]. Macrophages are 
also the key players in the resolution of inflammation [2] 
and under the influence of cytokines such as IL-4 and 
* Corresponding author. Tel.: -'-44-131-650-7014: fax: ±44-131-
650-545() 
E-mail address. j.allen(àjed.ac. uk O.E. Allen).  
IL-10 as well as prostaglandins and glucocorticoids, 
macrophages mediate apoptotic cell uptake. anti-inflam-
matory processes and wound healing [3-7]. Impor-
tantly, when inflammation is not resolved 
macrophages remain present as key elements in the 
chronic inflammatory pathway. However, whether these 
macrophages function to reduce inflammation and host 
damage or whether they contribute to host pathology is 
often uncertain. 
We have been interested in addressing this question, 
particularly in the context of Th2 mediated inflamma-
tion such as that found in helminth infection, asthma 
and atherosclerosis. By using a murine model for 
nematode infection, we are able to obtain a source of 
macrophages activated in vivo in chronic Th2 inflam-
matory conditions [8]. Following peritoneal implant of 
the filarial nematode Brugia ,nalari, mice develop a 
potent Th2 response to the parasite [9] and maintain a 
long-term stable cellular infiltrate in the peritoneal 
0165-2478/02/S - see front matter u 2002 Elsevier Science By. All rights reserved. 
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cavity of which macrophages are the predominant cell 
type [10]. Using a combination of functional assays and 
gene expression analysis we have demonstrated that 
these nematode-elicited macrophages (NeM) have a 
novel phenotype characterized by two striking features: 
(1) the ability to reversibly suppress the proliferation of 
T cells and a wide range of tumour cell lines [8] and (2) 
the dramatic over representation of two gene products, 
Y,nI and Fi::J, not previously associated with macro-
phage function [II]. 
Ym 1, a member of the chitinase family, was originally 
described as an eosinophil chemotactic factor produced 
by CD8 lymphocytes [12]. A subsequent study has 
verified the eosinophil chemotactic ability of this 
molecule, both in vivo and in vitro [13]. We have found 
that YmI represents 10 of the genes expressed by F4/ 
80 purified NeM and that the level of expression is 
10000-fold higher than resident peritoneal macrophages 
[10.11]. In addition, one of the most striking features of 
Yrni is its propensity to produce large crystals in the 
lungs of mice with chronic ]ung pathology [14]. A 
molecule produced in such enormous quantities is 
unlikely to function solely as a chemotactic factor. 
One possibility is that YmI is an eilctor molecule 
whose function may be to encapsulate chitin-hearing 
pathogens such as yeast, fungi or nematodes. Alterna-
tively. Jiti et al. [15] have suggested that it may function 
to interact with extracellular matrix components con-
sistent with a role for Th2 driven niacrophages in wound 
healing [5]. 
We found Fi::1 through analysis of a subtractive 
library designed to define IL-4 dependent macrophage 
genes where it represented over 35>1 of the subtracted 
genes and 2% of the total NeM mRNA [II]. Fizzl was 
first identified in the lavage fluid of mice with experi-
mentally induced asthma [16]. Subsequently. it has been 
recognized as a member of a family of secreted cysteine-
rich molecules with similarity to resistin, a molecule 
produced by adipocytes which induces resistance to 
insulin [17]. Neither of these studies identified a role for 
macrophages or IL-4 in Fizzl production. A role for 
Fizzl in the inhibition of nerve growth factor (NGF) has 
been proposed [16] but its function in Th2 mediated 
settings such as allergy or helminth infection remains to 
be elucidated. 
Because Ynil and Fizzl have been identified in 
several iion-helminth settings and particularly in asso-
ciation with the lung, it suggests that the NeM 
phenotype we have described may be characteristic of 
macrophages associated with Th2 chronic inflammation 
and not restricted to either nematode infection or the 
peritoneal cavity. The phenotype of NeM, including 
suppression, downregulation of pro-inflammatory cyto-
kines and the high level of expression of novel genes, is 
highly dependent on IL-4 in vivo [8.11.18]. We thus 
considered them to have an 'alternative activation'  
phenotype. a term coined by Gordon et al. to distinguish 
macrophages activated by IL4 or IL-l3 from classically 
activated macrophages [19,20]. Alternatively activated 
macrophages (AAM) have subsequently been ex-
panded to include the effects of IL-10 and glucocorti-
coids [21]. Until very recently. most studies of 
alternative activation have been carried out by in vitro 
treatment of cultured macrophages with Th2 cytokines 
and glucocorticoids [4.19.22-24]. NeM share some 
features of macrophages activated by Th2 cytokines in 
vitro such as the downregulation of inflammatory 
chemokines [ I I ] and increased class 11 MFIC expression 
(unpublished observation). We thus investigated 
whether any of the IL-4 dependent features of NeM 
we identified in vivo could be replicated in vitro. We 
demonstrate here that the NeM phenotype can be 
partly replicated in vitro, providing a powerful adjunct 
to in vivo studies for the elucidation of the function of 
these cells, which are central players in many chronic 
inflammatory situations. 
2. Materials and methods 
2. 1. (jenerution 0/ niacrophages 
For all experinlents, mice used were 6-8-week-old 
male C57BLI6 or BALB/c. 
In t'wo-derzred NeM5: B. ma/oil adult parasites were 
removed from the peritoneal cavity of infected jirds 
purchased from TRS Laboratories (Athens. GA) or 
maintained in house. Mice were surgically implanted 
intraperitoneally (i.p.) with six live adult female B. 
ma/an. Three weeks later the mice were euthanized by 
cardiac puncture and peritoneal exudate cells (PEC) 
were harvested by thorough washing of the peritoneal 
cavity with 15 ml of ice-cold media (RPMI) supplemen-
ted with 10/ FCS. 
In citro-derived M: Thioglycollate-elicited macro-
phages were generated as described by Handel-Fernan-
dez [25]. In brief. 0.8 ml of 4>1 thioglycollate medium 
brewer modified (Becton Dickinson) was injected i.p. 
into mice. Four days later. PEC were harvested, as 
above. 
2.2. Puritiea lion of ,naerophages by adherence 
The harvested PEC were plated in 24-well culture 
plates at 2 x 106  cells/well. Following 2-3 Ii adherence 
at 37 C. the non-adherent cells were removed, leaving 
a cell population highly enriched for macrophages. To 
measure the macrophage purity, a sample of cells were 
removed from the plate by washing with 5 mM EDTA 
in warm PBS and analysed by FACS staining using the 
macrophage marker F4/80 (Caltag). Macrophage purity 
was estimated as > 85%. 
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 Act/ration olin utro-AAMç6 
For the generation of in vitro AAM. thioglycollate 
elicited macrophages and J774 macrophages (ATCC 
Rockville, MD) were treated for 20 ii with IL-4 (10 or 20 
ng/rni) or IL-13 (10 ng/rnl) (Pharmingen) in complete 
medium (RPM1 supplemented with 2 mM L-glutamine. 
0.25 U/mI penicillin. 100 jig/nil streptomycin and 10 
FCS). 
2.4. Photographs 
For cell morphology photographs. cultured macro-
phages were allowed to adhere onto 22 x 22 mm cover 
slips and fixed with 4% formaldehyde. Phase contrast 
photographs were taken using the 40 x objective and a 
colour video camera (JVC) using the application soft-
ware Openlab (3.0). 
2.5. RATA exnvclion and real-tune PCR 
RNA was recovered from the cultured cells by direct 
addition of Trizol (GIBCO) into the wells. Total RNA 
was subsequently extracted according to the manufac-
turer's instructions. Following DNasel treatment (Am-
bion) to remove contaminating genomic DNA. I jig of 
RNA was used for the synthesis of cDNA using MMLV 
reverse transcriptase (Stratagene). 13-actin expression of 
each cDNA sample was first quantified by real-time 
PCR and the samples adjusted to he equivalent for 
concentrations of 13-actin. The standardized samples 
were then used for gene expression analysis of Argi-
nasel. Fl::!. and YinJ . Relative quantification of the 
genes of interest was measured by real-time PCR, using 
the LightCycler (Roche Molecular Biochemicals). Five 
serial 1:4 dilutions of a positive control sample of cDNA 
were used as a standard curve in each reaction and the 
expression levels of the genes were estimated from the 
curve (arbitrary units). PCR amplifications were per-
formed in 10 jil. containing I jil cDNA. 4 mM MgCl,. 
0.3 1tM primers and the LightCycler-DNA SYBR Green 
I mix. The amplification of /1-Act/n. Fl::] and Argi-
nose] was performed under the following conditions: 30 
s denaturation at 95 C. 5 s annealing of primers at 
55 C and 12seiongation at 72 C. for 40-60 cycles. 
The fluorescent DNA binding dye SYBR Green was 
monitored after each cycle at 86 C. For Yin! ampli-
lication, the annealing temperature was increased to 
63 C and the monitoring of SYBR Green fluorescence 
was performed at 85 C. Additionally. the LightCycler 
PCR products were electrophoresed on 1/ agarose gels 
and visualized by ethidium broniide staining. Priniers 
for lightcycler PCR analysis were: fl-A ct/n: 
TGGAATCCTGTGGCATCCATGAAAC 	and 
TAAAACGCAGCTCAGTAACAGTCCG. Arginasel: 
CAGAAGAATGGAAGAGTCAG and CAGATATG- 
CAGG GAGTCACC. Fl::!: GGTCCCAGTGCA-
TATGGATGAGACCATAGA 	 and 
CACCTCTTCACTCGAGGGACAGTTGGCAGC. 
Yin]: TCACAGGTCTGGCAATTCTTCTG and 
TTTGTCCTTAGGAGGGCTTCCTC. 
2.6. Suppression assay 
Suppression of proliferation caused by NeM and in 
vitro-derived AAM was measured as described pre-
viously [8]. In brief. macrophages from 100 p1 of PEC at 
1 x 106 cells/mi were purified by adherence as described 
above, and then treated with lL-4 (10 nglml) for 20 h. 
The macrophages were then co-cultured with I x 10 4  
EL-4 (ATCC) cells for 48 h. One microcurie of ['H]TdR 
in 10 p1 medium (RPMI) was then added to each well, 
andplates were incubated overnight before harvesting 
and counting using a liquid scintillation counter (Mi-
crobeta 1450. Trilux). Percent suppression was calcu-
lated in relation to the proliferation of the EL-4 cells 
(ATCC) co-cultured with untreated control macro-
phages. 
3. Results 
3.1. i'vlacrophage alterncithe act/ratio/i marker 
Argina,sel is induced h; in utro treatment lilt/i JL-4 and 
in NeMçb 
To date, the only well characterized marker of AAM 
is Arginasel, shown originally in vitro [26.27]. The 
hepatic isof'orm of Arginase (Arginasel) is the counter-
part of inducible nitric oxide synthase (iNOS). which 
mediates the classical pathway of inflammatory macro-
phages. catalysing the conversion of 1-arginine to nitric 
oxide [28]. Arginasel competes with iNOS and mediates 
the alternative metabolic pathway of L-arginine to L-
ornithine and urea [29]. We have previously shown that 
NeM Arinase1 expression in vivo is IL-4 dependent 
[11]. consistent with studies of macrophages in the 
schistosome egg induced granuloma [5]. As a starting 
point in comparing NeM to in vitro-derived AAM 
generated by IL-4 treatment of thioglycoliate-elicited 
macrophages, we directly compared Argina,cel expres-
sion in these two macrophage populations. We also 
tested the mouse macrophage cell line J774 to see 
whether this established cell line could be used as a 
source of AAM. Quantification by real-time PCR 
showed that treatment of thioglycollate-elicited BALB/ 
c macrophages with IL-4 resulted in a 7-fold increase in 
.4rginasel expression, confirming their alternative acti-
vation (Fig. IA). The upregulation of Arginasel was 
quantitatively similar to the in vivo-derived AAM 
(NeM). The murine macrophage tumour cell line J774 
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Fig. 1. The marker for alternative activation Arginasel is induced in both in vitro and in vivo-derived AAM (NeM4)). Arginacel expression is 
shown in untreated. IL-4 (10 nglml) treated thioglycollate-elicited macrophages and NcM (A) and untreated and IL-4 (10 nglml) treated J774 
macrophages (B). Expression levels in arbitrary units were measured by real-time PCR using standard curves of five dilutions of cDNA template. 
response to IL-4 and Arginasel expression was upregu-
lated 36-fold (Fig. 1B). 
3.2. Induction o/Fi::/ and Yrni expression in response to 
IL-4 
We have previously shown that Fi::l and YinJ are 
the two most abundantly expressed genes in NeM 
[10,11]. We have also demonstrated a requirement for 
lL-4 for the in vivo induction of Fi::] but did not 
initially find Yi0 to be IL-4 dependent [10]. Subsequent 
analysis by others has found that Vini can be induced 
by both IL-4 and importantly IL-13 [30]. We have 
shown that a homologue of mammalian Macrophage 
Migration Inhibitory Factor produced by the parasite 
can directly induce Yin] expression [10]. Thus, the lack 
of IL-4 dependence in our nernatode implant model is 
likely due to the presence of IL-13 as well as the ability 
of the parasite to directly induce Yin] expression. 
As a B. nialavi implant generates a strong Th2 
response, we wanted to clarify the role of Th2 cytokines 
in the upregulation of these two novel genes. Direct 
induction of these genes in response to IL-4 in vitro 
would support the hypothesis that upregulation of Fi::I 
and Yi0 can be mediated by the Th2 cytokine 
environment generated by the parasite rather than by 
direct effects of the parasite itself. We therefore mea-
sured the expression of these two genes in IL-4 treated 
thioglycollate-elicited and J774 macrophages. 
By real-time PCR we detected Fi::I in NeM at 25 
amplification cycles, in IL-4 treated macrophages at 30 
cycles and finally in untreated control macrophages at 
45 cycles (Fig. 2A). Using a standard curve of live 
dilutions of Fi::! cDNA template, we quantified the 
expression levels of Fi::! (Fig. 213). in comparison to 
control macrophages we estimated a 400-fold upregula-
tion of Fi::I in IL-4 treated macrophages and 4000-fold 
upregulation in NeM. Using the same method, we 
estimated the upregulation of Yin] to be 2000-fold in 
IL-4 treated macrophages and 20000-fold in NeM 
(Fig. 2 D). The induction of both these genes by IL-4 
confirmed their utility as molecular markers of AAM. 
Though exposure to IL-4 induced Fi::] and Yinl gene 
expression both in vitro and in vivo. the upregulation of 
these genes was 10-fold higher in NeM than in in vitro-
derived AAM. 
Because J774 expressed Arginasel, we considered the 
possibility that these cells could be a convenient source 
of in vitro-derived AAM. However, we were unable to 
detect either Fi::1 or Yin! expression in lL-4 treated 
J774 macrophages. We did not pursue the study of lL-4 
treated J774 macrophages as they showed only limited 
ability to respond to IL-4 in comparison to thioglycol-
late-elicited macrophages which were able at least in 
part to mimic the phenotype of NeM. 
3.3. Induction qfFizzl and Yin! e.vpres,sion in NeAh/ can 
also he replicated by treatment tt'ith IL-13 
The Th2 cytokine IL-13 shares the same receptor as 
lL-4 and has been shown to mimic the activity of IL-4 
including the induction in vitro of the AAM pheno-
type [23]. We measured the upregulation of Arginasel. 
Fl::! and Yin] in response to lL-13 and measured 
quantitatively the effects of this cytokine in comparison 
to IL-4. We showed by real-time PCR that IL-13 could 
upregulate all three niacrophage genes in C57BL/6 
thioglycoilate-elicited macrophages. though the upregu-
lation was somewhat lower in comparison to treatnlellt 
with lL-4 (Fig. 3). This would imply that the effect of 
IL-13 alone would not account for the 10-fold higher 
expression of these genes in NeM. 
3.4. IL-4 trea tine/it of cultured macrophuges can only 
partli' replicate the suppresswe phenotype of NeM 
We chose next to determine whether the suppressive 
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Untreated 	IL-4 	IL-4 	NeM 
I Ong/mi 20ng/ml 
Fig. 2. Fi::/ and Yinl induction in NeM can he replicated in part by in vitro treatment with IL-4. Real-time PCR analysis shows the increase in 
fluorescence intensity during amplification of Fi::! and -actin (A) and YntI (C). Expression levels of El::! (B) and YinI (D) in untreated. IL4 (10 
ng/ml) treated thioglycollate-elicited macrophages and NeMO were quantified as described in Fig. 1. Real-time PCR samples were analysed on an 
agarose gel after the LightCycler run (E). 
generation of AAM. We observed 62% suppression of 	elicited macrophages though this suppression was sig- 
proliferation of the EL-4 thymoma cells when co- nificantly lower than in co-culture with NeM (97%) 
cultured with lL-4 treated C57BL/6 thioglycollate- 	(Fig. 4). 
A 	 B 	 C 
untrealec 	L-4 	 IL-13 	 untreated 	IL-4 	 Li) 	 untreated 	tL-4 	IL-i) 
Fig. 3. IL-13 can also induce expression of Arginasel. Fl::! and Yin!. Thioglycollate-elicited macrophages were treated with IL-4 or IL-13 (both at 
10 nglml) and recovered for real-time PCR analysis of Arginase! (A). Fiz:1 (B) and Yin! (C) expression. Expression level was quantified as described 
in Fig. I. 







thioM4l 	1L4-treated thio-MP 	Nei4l 
Fig. 4. IL-4 treatment can replicate in part the suppressive phenotype 
of NeM. Thioglvcollate-elicited macrophages untreated and treated 
with IL-4 (10 ngiml) and NeM were purified by adherence and co-
cultured with the EL-4 thymoma cell line for 72 h and proliferation 
was measured by [ 3 H] thymidine incorporation. 
3.5. NeMçb and IL-4 treated macrop/laqes have distinct 
cell morphology 
Striking morphologic changes, including the spread-
ing out and the tight adherence to the plate, have been 
reported when biogel-elicited macrophages are adhered 
overnight in the presence of IL-4 [19]. The effect of IL-4 
on morphology is however strongly dependent on the 
type of macrophages used and how they are generated. 
Stein et al. for example observed no morphologic 
changes when thioglycollate-elicited macrophages were 
treated with IL-4 as the untreated control macrophages 
already adhered tightly to the plate [19]. In order to 
further characterize the relationship between in vitro 
and in vivo-derived AAM, we compared the morphol-
ogy of NeM4 with thioglvcollatc-elicited macrophages 
treated with or without IL-4. Consistent with Stein's 
report. IL-4 treatment for 20 h did not noticeably 
change the morphology of the adhered thioglycollate-
elicited macrophages and the macrophages looked 
tightly adherent with spread-out processes (Fig. 5A 
and B). To our surprise. NeM showed a distinct 
morphologic phenotype in comparison with the in 
vitro-derived AAM. They were less adherent, and  
appeared more rounded. denser and less fibroblastic 
(Fig. 5C). 
4. Discussion 
We have used NeM as a powerful model for the 
study of alternate activation of macrophages in vivo 
particularly in relation to macrophages activated in type 
2 chronic inflammatory settings such as asthma or 
nematode infection. In this study we determined the 
relevance of using in vitro treatment with type 2 
cytokines as a means to investigate the function of these 
cells. In vitro activation of thioglycollate-elicited and 
J774 macrophages with IL-4 showed induction of the 
alternative activation marker Arginasel at a level 
comparable to NeM4. Fi::l and Y,nJ, which we have 
identified as the most abundantly expressed genes in 
NeM [10.11] were also upregulated in the lL-4 treated 
thioglycollate-elicited macrophages but at a far lower 
level than in NeM. Further, the difference in cell 
morphology, which may imply a distinct functional role, 
and the lower suppressive capacity suggest that NeM 
have a distinct phenotype and function that can be 
replicated only in part by in vitro treatment with IL-4. 
There are innumerable differences between in vitro 
and in vivo generation of AAM4 that could account for 
the higher expression of Fi:l and Ynil in NeMO than 
in IL-4 treated thioglycollate-elicited macrophages. 
These include the synergistic effect of other cytokines 
such as lL-13 and the direct effect of parasite factors. 
For example, we have previously shown that the B. 
,na/ati secreted homologue of MIF can directly induce 
the expression of Yin! [10]. Further, the time frame and 
cellular context for the differentiation of the macro-
phages are considerably different. NeMO are recruited 
and differentiated over 3-4 weeks in a chronic inflam-
matory setting in contrast with 20 h of in vitro IL-4 
treatment of purified macrophages. Although the Th2 
cytokine IL-l3 was also able to induce expression of all 
[iii. . In tro a n d in is o-dci'is ed macro ph a ges his e different cell morphology. Phase contrast micrographs sscre iLen d untreated thioglycollate-
elicited macrophages (A), thioglycollate elicited macrophages treated with IL-4(l0 ng/rnl) for 20 h (B), and NcMt. recosered 3 weeks post-implant 
and adhered osernight (C). 
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three genes, this alone cannot account for the in vitro 
and in vivo differences. 
While this study was ongoing. two reports were 
published that described macrophages with alternatively 
activated features in the later stages of chronic parasite 
infection [3 1,321. In both these reports, the phenotype of 
the niacrophages changed over time, as the disease state 
became progressively more 'Th2'-like emphasizing both 
the plasticity of macrophages and the complexity of 
defining macrophage function in vivo. In one study. 
Raes et al. also reported expression of Fizz! and Ytni in 
macrophages recruited during the chronic stages of 
infection in a murine model of trvpanosomiasis [31]. 
Consistent with our findings, they demonstrated by 
conventional RT-PCR that these genes were induced by 
in vitro treatment with IL-4 and IL-13, indicating the 
importance of Fi:z1 and Yinl as molecular markers of 
AAM recruited during chronic Th2 inflammation. Our 
data confirms this report and further shows the quanti-
tative differences between in vitro and in vivo-derived 
AAM. In addition, we observed that the tumour 
macrophage cell line J774, when treated with lL-4. 
upregulated arginasel but not Fizz! or Ynil expression, 
probably due to the lower plasticity of this highly 
differentiated cell line. This suggests that Arginasel 
may be a more general marker for activation by IL4 
whereas Fizz! and Yrni may be indicative of a distinct 
inflammatory phenotype. The functional importance of 
these molecules in chronic Th2 mediated inflammation, 
whether in promoting lung pathology or performing 
important immunoregulatory roles urgently needs to be 
addressed. 
Although there is no evidence that either Yin! or 
Fizz1 are involved in the suppressive capacity of NeM, 
our ability to induce expression of these genes. originally 
identified in vivo, by treatment with IL-4 suggested that 
it might be possible to similarly replicate in vitro the 
suppressive function of NeM. Treatment with IL-4 
resulted in a moderate capacity to suppress proliferation 
of the EL-4 thymoma cell line (62%) though suppression 
was more profound with NeM (97/).  The suppressive 
ability of macrophages activated under Th2 conditions 
has been observed before. Schebesch et al. showed that 
alternative activation of human macrophages in culture 
with IL-4 confers the capacity to suppress proliferation 
of PHA or ConA-stirnulated CD4 T cells [22]. In both 
the in vivo-derived NeMo and the in vitro treated 
human macrophages. suppression is not mediated by IL-
10. prostaglandins or nitric oxide, and is not due to lack 
of co-stimulatory molecules [18.22,33]. Despite these 
similarities, we do not currently know whether the 
mechanism of suppression is identical in NeM and in 
vitro-derived human or mouse AAM. The main 
component of suppression in NeM is contact-depen-
dent [8] although there may also be a secreted compo-
nent that contributes to the suppression. The absence of  
suppression as profound as that seen with NeM 
suggests that the contact-dependent suppression may 
not be fully replicated by in vitro-derived AAM4. 
It has recently been described that interstitial macro-
phages in the lung can also prevent cellular proliferation 
in a cell contact-dependent manner [34]. The mechanism 
of suppression bears striking similarity to the IL-4 
dependent mechanism we have described for NeM. 
This emphasises the link with lung inflammation sug-
gested by the high expression of' Fizz! and Yin! in 
NeM, two genes that were originally identified in the 
context of chronic lung disease [14.16]. 
In addition to comparing gene expression and sup-
pressive function of in vitro and in vivo-derived AAM, 
we also looked for similarities in cell morphology. We 
observed a striking difference in cellular morphology of 
in vitro AAM and NeM. Interestingly, the morpho-
logic phenotype of NeM is surprisingly similar to 
macrophages treated with the synthetic glucocorticoid 
dexamethasone (Dx) [35]. Treatment with Dx causes 
alteration in the adhesion-signalling pathway involving 
paxillin and p1 3OCas. resulting in a change in macro-
phage cytoskeletal organisation. The Dx-treated macro-
phages are consequently more rounded and less 
adherent. This change in morphology is linked to the 
anti-inflammatory function of the macrophages. notably 
the increased phagocytosis of apoptotic neutrophils. 
This is consistent with our finding that NeM4 show 
increased phagocytosis of apoptotic neutrophils in 
comparison to thioglycollate-elicited macrophages (un-
published data). The presence Of glucocorticoids is an 
additional in vivo factor that we have yet not replicated 
in vitro with IL-4. Though the literature on alternative 
activation of macrophages makes little distinction 
between activation by Th2 cytokines and by glucocorti-
coids [4,21], it is tempting to speculate that each have 
different effects on the morphology, migratory ability 
and anti-inflammatory function of macrophages. The 
role of macrophages activated by glucocorticoids in the 
resolution of inflammation is currently under investiga-
tion [6]. 
In vitro models are experimentally easier and often 
give more consistent results than in vivo studies. 
However it is important to consider the physiological 
significance of in vitro data and how applicable it is in 
vivo. In vivo, type 2 cytokines will be acting in concert 
with other mediators such as glucocorticoids and these 
factors will be acting at different points in the inflam-
matory process. Using a murine model of nematode 
infection, we have discovered macrophages activated in 
vivo that show an exciting new phenotype, but also have 
characteristics that define them as alternatively activated 
[11.361. In this study we identified the common features 
shared by NeM and macrophages activated in vitro 
with IL-4. Our data demonstrates. not surprisingly, that 
the phenotype of NeM, developed in a very complex 
180 	 M. G. Vair et al. I Immunology Letters 85 (20()3) 173-180 
chronic inflammatory setting, cannot be fully repro-
duced in vitro. However, there are enough similarities 
between NeM and in vitro-derived AAM4 that we 
could envisage using the in vitro model of alternative 
activation to understand more fully the contribution of 
individual cytokines, lipid mediators and glucocorti-
coids to the development and function of macrophages 
in chronic inflammation. 
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